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producing the same. Also disclosed are implantable bio-
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of reduced biophilized graphene oxide and a protein nano-
spacer.

A

vibosiactie
Bagene Al
e

ougiintion

Qunerater
TRT N




Patent Application Publication  Jan. 17,2019 Sheet 1 of 38 US 2019/0019632 A1

£
.

Lot
grnerator
18,7 o

N i S A A 04038 i e A 1 S e e

&
*,

mplaniable My

Doy




Patent Application Publication  Jan. 17,2019 Sheet 2 of 38 US 2019/0019632 A1

;"(;
f Positively Charged Mb

FIG. 2



Patent Application Publication  Jan. 17,2019 Sheet 3 of 38 US 2019/0019632 A1

TGO} « .45 mighd.
¢ Szatnre Sutisr ntl Bl

hiJ :rfi {66 R W W
] )

s

s
o
=
hid

HPA, Aenuis

oA

5o
% s
By
£ 4
| 3
o)
3 %
B X
wog
3
210 e M A0 AW BE 2 6
Pnvelangth {nay
e f i
— o~ 185
5 £ 5 &
o &tm; L o 2
%8 R 2 el w4en
B ﬂ.’?\.}? afios 3\’}% ) =]
;s pod @
e BHOFT sivetived 85 R g &
£ £ 1508
o X & o
g PY E §
. £ v
X PG B e g s
s 3
', - ;
T8 2 4 B 8 ¥ AW MRS e Lew e R e
. . 4 ) p o8 FY ey
Burrsher of layers Raynan Shiff (cm™ # Protonshin sitextoiy muns g

FiG. 3



Patent Application Publication

£

w3

Stack capsciance Flom’y .

Surennt Gensity (Al »

Cuerant dunsily (8¢}

Jan. 17,2019 Sheet 4 of 38 US 2019/0019632 A1

16 . ;
S8 0

3

W B

5 3 .
Current density (Ao gend

359 2
o tg 13
Bk "
Y g 1
hi
4B ®
2 a3
A g ¢
iR *® 8
. ' . %
82 & 94 A2 488 48 & o ‘
Fotpntiol ¥} hd 3 2 3 4 8 %
hgenbior of dlayers
2. f
® T e
g?ﬁe R
o B L P £ sued, Lalt sevum s
: s % %
92 3 ; \.,\J 5 o8
R oMed e,
) L E
. 3 gy ¥ ®
3 4 el © e T : (Mg g
23 & g we ok §
» G @ B >
R 3 DR
- % ry g ) ” - .
He B BF BN BE BR 4 te W ETHTETR S % o8 v 0 2000 10 A 00 B
Potentisl V) Burrent denuity (A} Cyedy vty
h 18
PR vt
¥ Lt tads ] ;
' 4

kg
ke

@
&
>

(P wnEE,
Wt w? 1% 1w W g w0 w’; 14
Power density imWiom™)

Energy density (mWhicer)

FIG. 4



Patent Application Publication  Jan. 17,2019 Sheet 5 of 38 US 2019/0019632 A1

Fasereis densly (A0

- !

-

Patentisl (V3
¥ &
n o w

o~
i

e 3 me X
e {5}

BRB RZ G4 RS BR S
Peential iV

FIG. 5



Patent Application Publication  Jan. 17,2019 Sheet 6 of 38 US 2019/0019632 A1

a ﬁn){ﬂi b
e fg‘
2 £
£ g
g Z .
<
g %
=) I
£ %
g 3
£ &
N i
o
Los 3 L L > "3 " Y
000 4K G 8O 14000 W A w4
2 real {Ohwis) Frequency (Hz)

FIG. 6



Patent Application Publication  Jan. 17,2019 Sheet 7 of 38 US 2019/0019632 A1

b GO
M A E M
i ——brGOHbh

y ey GOIGaR
\ b Cat

0.8

Potential (V)
<3
o

o
'

[
n
P N

Y0 200 #b0 860 800 . 1000
Time (s)

FIG. 7



Patent Application Publication  Jan. 17,2019 Sheet 8 of 38 US 2019/0019632 A1

1.8

&
o

Current density {mAfem®)
f o]

A
82 0 02 04 08 083 1 1.2
Potential (V}

FIG. 8



Patent Application Publication  Jan. 17,2019 Sheet 9 of 38 US 2019/0019632 A1

FIG. 9



Patent Application Publication  Jan. 17,2019 Sheet 10 of 38  US 2019/0019632 A1

;;:;:;:;:;:;:;:::;:;:;:;:;:;:;:»:;:;:;:;:,&:;:,:,:;::';::;:»:»:»:»:»:»:5:;:»:;:;:»:!:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;-—- S




Patent Application Publication  Jan. 17,2019 Sheet 11 of 38  US 2019/0019632 A1

FIG. 11



Patent Application Publication  Jan. 17,2019 Sheet 12 of 38  US 2019/0019632 A1

e (30

Intensity

1% 11 12 13
2 Theta {degree)

FIG. 12



Patent Application Publication  Jan. 17,2019 Sheet 13 of 38  US 2019/0019632 A1

Rt £

£ 158804
il 13624

5000 | “:‘.“;;E.és:,

Bebpry j —
1000 1800 2000 2500 3000
Raman shift {em”)

FIG. 13



Patent Application Publication

o
in

Jan. 17,2019 Sheet 14 of 38

44

o2
&5 in
P 3ndeik 2o

&
@

4

Current density (mAlcm?

3 senen 2303
g oo SN
e BeelR AR

8 02 04 06 08 1

Potantial (V)

FIG. 14

1.2

US 2019/0019632 A1



Patent Application Publication  Jan. 17,2019 Sheet 15 of 38  US 2019/0019632 A1

A B B ’L%‘
=35 R 5 4 s
gl b 8O o 887 £
B 4 % 88944 1
% ¢ ‘g if Pl i Y
B £ sail i e b
b s 4
g o G g
E
£y R Q
ws :; 3 5 3 - " \.ﬁ.gé ok i 2.4, Py ) Lot
BY H LR G4 05 03 1 13 W 200 3e 400 00 800 0
Potantial (V) Time (s}

FIG. 15



Patent Application Publication  Jan. 17,2019 Sheet 16 of 38  US 2019/0019632 A1

1E

B
8.4
{4

188 sngrnt

a4z

B 08 DY 65 48 4 43 42 a3
Putential {V}
HB18

4514

4,008

BiELS R

Current density imAJom®) IF Current density {mwnmﬁ} %

B sgsspsspssssggpianpsgrisgsings ,
G% & 8% 0F 93 64 DK DB GF

Foteutial {V}

%3

2484

ik

Current donsily {m&f&m’}'} e

"%f% k: < k3 w i3 b w
84 ¢ 81 42 A3 B4 45 A6 87

Potential (i}

FiG. 16



Patent Application Publication  Jan. 17,2019 Sheet 17 of 38  US 2019/0019632 A1

T 033

fy (A

~ 85

R

fod
Botential {V)

w
el 2

Current den

4
¥

P T R VR 5 Y P A1)
Potential (V) Time {8}

FiG. 17

&1



Patent Application Publication

Jan. 17,2019 Sheet 18 of 38

0.5

Elctrical conductivity {(Sfum}
P
$

)

280 300 320

Lae 20 I N At

) 350 400 420 440

340 360 3
Temperature {K}

FIG. 18

US 2019/0019632 A1



Patent Application Publication  Jan. 17,2019 Sheet 19 of 38  US 2019/0019632 Al

e

&3 g z
L~ T

3
.

b 3
e b

Current density {‘m&fcmz}

3. s 8 LY
B2 6 02 04 BB 68 1 42
Potential (V)

FlG. 19



Patent Application Publication  Jan. 17,2019 Sheet 20 of 38  US 2019/0019632 A1

Rt

B liaEE

T s SEIRE B B

L 3N %*\N\W?&»fﬁi}f%i}h’m 2RE

semmnanons SO AR R B B

0.8+ 1

&5{ ’

Potential {V)

E i

“ ]
8&&“ 5

% e

E

6 200 400 800 800 100D
Time (s}

FIG. 20



Patent Application Publication  Jan. 17,2019 Sheet 21 of 38  US 2019/0019632 A1

e B85 GiiiETRIE U0y
e SRR Ml
e B GOR GO0

Potential {V}

§ 200 400 GO0 B0 1000
Time (s}

FIG. 21



Patent Application Publication  Jan. 17,2019 Sheet 22 of 38  US 2019/0019632 A1

FIG. 22



Patent Application Publication  Jan. 17,2019 Sheet 23 of 38  US 2019/0019632 A1

o
or
g o
-4

Anid slectrotyle e 3 B Big .
14, Do B4 ™
S o8 ggw
5 | g
gﬁ.& :s g & ’ SRR
by i a3
- T G,
oy \ & 200
B30 \ \ 3 a0
b s i der a0 e a0 me %TTI

82 B4 08 BB 1 42

Time {8} Potential {V)

FIG. 23



Patent Application Publication  Jan. 17,2019 Sheet 24 of 38  US 2019/0019632 A1

0N
o

”ig 1008 & o

’ TERG B B2

3 Bmdls ol neun wo e

o e ! ~-Cell suture 1900 o 8 Wi m;ﬁa?iﬁ{iﬁ? g 0

g i : ‘““*“‘ﬁig’;‘f'ﬁﬁﬁ ﬁ;?;}?‘g;gﬁ V . 4‘}6 g % SR s éﬁi ém Wt S, MV 84%

& -3 oo ot P & 8.4 . ;

2 - WE Elsm A A AN

5 4o w3 ¥ TN ANA AN

& o wﬂnﬁ-;} EP N T S B

& - - N S TRV R AR AR

= e N e ALY A VA Y Y

o s § W g k y Y N

T 08 ; T {5_23 '

E | WoE BT TR R

e 4 4 % 2 3 & % 8 (IR & § (b 2000 30D0 4000 SOOD S00%
Soan rate {Vis) Cycle number

FIG. 24



Patent Application Publication  Jan. 17,2019 Sheet 25 of 38  US 2019/0019632 A1

1.2 A
&8 | Calf serum Bin b 1}
4, ‘ & 245 :
o w5l < 10
% 68
2 § ©
5 84 &5
B 82 I
b
& 240
2 . .71 S——— —
g 5B 198 4% 200 250 2 & 8F B4 DS BB 1 12
Time {s} Potential {V}

FIG. 25



Patent Application Publication

Jan. 17,2019 Sheet 26 of 38

US 2019/0019632 A1

a b . e )
S5 P 103 10 ot
e SR S o
- b Ay BT T ;
ko o S 10
T 2 1004 P
& {1
£ g
& e
B T 109
& i
= 2004
O
00
"e-\z 4 ¥ Y 4 by Y 4 3 L3 ¥
§ 50 100 150 200 280 300 380 400 82 0 D2 04 0B 08 % 12
Time {s) Potential (W}

FIG. 26



Patent Application Publication  Jan. 17,2019 Sheet 27 of 38  US 2019/0019632 A1

a " b v
&
tw
B o 806+ ;f‘\\w L
o P s
g 5 0.05 j
o & 004
§ T 6.03.
& 2B~ te 3
B 8 vz, M
2 001
§ W e T 00H
- L 0
B : : ; : .
22 84 88 88 4.01

¢ 8 @ 45 26 2% 39

Relative pressure (PiPa} Pore diameter {nm)

FIG. 27



Patent Application Publication  Jan. 17,2019 Sheet 28 of 38  US 2019/0019632 A1

L

GGHNL

*-3

Energy density (Whikg)

o1l

FA) ’ S (O S
10’ 10° 14

Power density (Wikg)

FIG. 28



Patent Application Publication  Jan. 17,2019 Sheet 29 of 38  US 2019/0019632 A1

FiG. 29



Patent Application Publication  Jan. 17,2019 Sheet 30 of 38  US 2019/0019632 A1

g o { p
o~ SO0 e e SR /g
g $ f! oGl enffure g -8
E { b 058 P
o ey g “ “ -
‘ i P
£ a0 LI %
‘g & ol g 4
£ 2000 5w ®
£ : g oo @
o8 ¥ f ; £ M
n R g greogi £ :
t & roed {Qhies} *
B Estatintandons ol R S . % i 5, ok 5 “&3‘&5
0 2000 D00 6000  BOUG  D0BD who W W W W w6
£ real {Ohros} Fraquency (Hz}

FiG. 30



Patent Application Publication  Jan. 17,2019 Sheet 31 of 38  US 2019/0019632 A1

100-

o
;E:x

Change in voltage (%)

A N

0 1000 2000 3000 4000 5000
Time {s)

FIG. 31



Patent Application Publication  Jan. 17,2019 Sheet 32 of 38  US 2019/0019632 A1

Rolar “f okl "% charged # charged | Asreal
nEaLs pamber | residuey/Molar | residaeDlass of capucitanee
{g/mol} of R protein(pg y (uFam’)
chizpged | (mcle/grion) ‘5
Proteins restdues X g 3
Myoglobin 17174 51 0.0030 8.54 1325
Cvytochrome C 1174% 30 {0026 638 113
Haemoglobin G458 141 0.0022 704 1160
Glucose 104
exidnge 65638 123 00019 740
Catalase 3136 147 {0028 5.64 854

FIG. 32



Patent Application Publication

Jan. 17,2019 Sheet 33 of 38

US 2019/0019632 A1

Areal Mass fram | Gravimetric
capacitance QCM capacitanve
Lavers in {pF/em*) {pg/cm™) (Flg)
Au current collector Eil N/A MA
be(3() 4672 2.0 232
br(GO-Nb 847 3.3 260
brGO-Nb-brGO 1057 3.9 207
brGO-Mb-brGO-Mb 1386 4.6 300
brGO-Mb-brGO-Mb-br GO 1526 30 306
rGU-Mb-rGO-Mb-rGO 935 3.9 239

FIG. 33




Patent Application Publication  Jan. 17,2019 Sheet 34 of 38  US 2019/0019632 A1

PR Inouimtion for 48t

R R

IR

R



Patent Application Publication  Jan. 17,2019 Sheet 35 of 38  US 2019/0019632 A1

g by
% g1 %&i}(z
5 8
b’ B boed E
] : W f
ks U g
£ g £
g 4 B
O wd {3158+
s st codus ; : e B % . . S ,
BX 4 B} 84 88 88 % 12 A2 8 B 84 08 BR 1 13
Potuntial {9} Potential V)
£ 2ot i

Lurrent density Mgy
=

Lourrent density (A}
o=

20 M e R e et A
BF 8 83 B3 8% §% ¢ 42 % i 64 B8 0. :
Potential {V} Potential (V)

FiG. 35



Patent Application Publication  Jan. 17,2019 Sheet 36 of 38  US 2019/0019632 A1

1.2 3
1 Bare r(5hh 8
W Yr X < oesnd g 2
O 8 pFicm |23 oo’ k]
® H < 3
@ 08} ' E
i ' 2
2 a8 ' R
:gﬁ E ; |
% gotr
g g4} \ 8
& k £ st
5 %\ :
g 62}
B 53 L famdo Fortaetomsindd dondiod Feiend
ot o .\wﬁ . B2 B 82 B4 & 68 1 12
40 8 80 106 150 200 250 Potential (V) vs, SCE

Time {s}

FIG. 36



Patent Application Publication  Jan. 17,2019 Sheet 37 of 38  US 2019/0019632 A1

Wireless Photorechargable biosupercapacitor

Smalf zolar pans

Wireloss ransfer

mﬂt&wiret@&s transmitier EYTTITYILIVVRIVEEIVERTVREPRRTvEre. S R&tehﬂ?r tﬁiiﬁim’ﬁﬁmtcapadtm‘ ﬁ;’ sensor

FlG. 37



Patent Application Publication  Jan. 17,2019 Sheet 38 of 38  US 2019/0019632 A1

7
Control , B0
= 50t
12.5 pM Lo
g 40
ks
8 ggh
25 uM g .t
= et
U 5
50 oM by
QT :
o A3 L 4 3 Ancdmierinmdonhorimodentnrbord driioeibort
100 pM 28 6 2% 48 60 Bh 108 128

soranication {uey

FIG. 38



US 2019/0019632 A1

ULTRATHIN GRAPHENE-PROTEIN
SUPERCAPACITORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a non-provisional of and claims
the benefit of U.S. Provisional Patent Application No.
62/532,198, filed on Jul. 13, 2017, the contents of which are
incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under grant numbers ES003154, EB014586, and EB016707,
awarded by the National Institutes of Health and grant
number DMR1441879, awarded by the National Science
Foundation. The government has certain rights in the inven-
tion.

BACKGROUND OF THE INVENTION

[0003] All implantable devices are currently powered by
batteries. However, batteries suffer from several limitations:
they are bulky, which limits device miniaturization; they
have limited lifespan; they are made with toxic materials and
electrolytes that can be dangerous if leakage occurs; and
they have slow discharge rate of signal in pacemakers, for
example.

SUMMARY OF THE INVENTION

[0004] Inoneembodiment, the invention provides a super-
capacitor including reduced biophilized graphene oxide and
a protein nanospacer.

[0005] In another embodiment, the invention provides a
method of producing a supercapacitor including reduced
biophilized graphene oxide and a protein nanospacer.
[0006] In yet another embodiment, the invention provides
an implantable biomedical device, which includes a super-
capacitor including reduced biophilized graphene oxide and
a protein nanospacer.

[0007] Other aspects of the invention will become appar-
ent by consideration of the detailed description and accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The patent or application file contains at least one
drawing executed in color. Copies of this patent or patent
application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0009] FIG. 1 is a schematic illustrating an application for
a brGO/Mb supercapacitor (central panel) as a micro-power
source for biomedical implants.

[0010] FIG. 2 illustrates a method of electrode fabrication.
(a) Preparation of cationized bovine serum albumin (¢cBSA)
by coupling COOH groups of BSA with tetraethylenepen-
tamine. (b) Adsorption of ¢BSA onto GO sheets. (¢) Gold
current collector with a monolayer of mercaptopropionic
acid and a layer of polycation PDDA adsorbed on top. (d)
Adsorption of bGO. (e) Adsorption of Mb. (f) Film from
LbL assembly of three bGO layers alternated with two Mb
layers (bGO/Mb). (g) Electrochemically reduced film
(brGO/Mb).

Jan. 17,2019

[0011] FIG. 3 shows characterization results of a gra-
phene-protein hybrid electrode. (a-d) Tapping mode AFM
images of Lb[ assembled film on a mica disc: (a) PDDA, (b)
PDDA-bGO, (¢) PDDA-bGO-Mb, and (d) PDDA-bGO-Mb-
bGO. (e) Change in mass/area and nominal thickness of the
film as a function of number of layers assembled, as mea-
sured by quartz crystal microbalance (QCM). (f) Raman
spectra of films before and after electrochemical reduction,
showing an increase in ratio of intensities of D to G bands
from 0.94 to 1.14 upon reduction. (g) Myoglobin binding to
GO (red curve) and bGO (blue curve) in 10 mM acetate
buffer at pH 5.5 as a function of increasing concentrations of
myoglobin. (h) Circular dichroism spectra, suggesting
extensive denaturation of Mb upon binding to either GO or
bGO. (i) Areal capacitance of three bilayers of brGO/protein
in correlation to the number of sites available for protona-
tion/deprotonation normalized by the molar mass of pro-
teins. Cyt-C, Mb, Hb, GOx, and Cat stand for cytochrome-
C, myoglobin, hemoglobin, glucose oxidase, and catalase,
respectively. The highest areal capacitance among these was
observed with brGO/Mb film.

[0012] FIG. 4 shows electrochemical behavior of a brGO/
Mb supercapacitor. (a) Cyclic voltammetry (CV) at 300
mV/s of non-reduced film (bGO/Mb) and of electrochemi-
cally reduced film (brGO/Mb) for 3 and 70 seconds. (b)
Optimization of film capacitance with number of bilayers,
showing highest capacitance for 3 bilayers. (c) Photograph
of a flexible brGO/Mb supercapacitor. (d) Cyclic voltam-
metry (CV) at 100 mV/s of brGO/Mb film in different
electrolytes. (e) Change of volumetric and gravimetric
capacitance with scan rate for a brGO/Mb electrode in
biofluids and acid electrolyte. (f) Cyclic stability of a brGO/
Mb bEC in calf serum; inset shows LED powered by three
brGO/Mb bECs connected in series with calf serum satu-
rated separators. (g) Volumetric stack capacitance of a
brGO/Mb supercapacitor at different current densities as
compared to commercial electrical double layer capacitors
(EDLC). (h) Energy and power densities of a brGO/Mb
supercapacitor in a cell culture medium as compared to
commercial EDLC, 300 pF/3V aluminum electrolytic
capacitor, 12 nAh/3.3 V L1 thin film battery, and 500 pAh/5
V Li thin film battery.

[0013] FIG. 5 shows performance of a brGO/Mb super-
capacitor in cell culture medium. (a) Photograph of EC
device dipped in a 6-well plate containing MEF cells in
DMEM, and connected to an electrochemical workstation
via copper tape. (b) Scheme showing movement of ions
available in cell culture medium during charging process. (c)
Charge/discharge cycles at different current densities. (d)
CV curves at different scan rates. (e)-(f) Optical microscopy
images for MEF cells stained with trypan blue subjected to
0 and 5000 charge discharge cycles, respectively. Both (e)
and (f) show live cells appeared with a very small number
of dead cells (stained blue-green, black arrows show
examples). The absence of differences suggests insignificant
cell death due to brGO/Mb supercapacitor operation in the
cell culture. (g)-(h) Optical microscopy images for COS-7
cells stained with trypan blue. (g) Control cells with zero
charge/discharge cycles. (h) Cells subjected to long-term
cycling test of the polydimethylsiloxane (PDMS)-packaged
bEC for 96 hours (90,000 cycles), showing no difference in
cell death as compared to control cells.

[0014] FIG. 6 shows electrochemical impedance spectros-
copy (EIS) for a brGO/Mb supercapacitor in biofluids and
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acid electrolyte. (a) Nyquist plot with high frequency region
magnified (inset), showing nearly identical impedance
behavior for the device in different electrolytes. The brGO/
Mb supercapacitor exhibited low series resistance in acid
(4€2) compared with biofluids (8 to 10Q). (b) Change of
phase angle with frequency; time constant (t) calculated
from frequency (f) at an angle of -45° according to the
following relation: T (seconds) =1/f (Hz) at —-45°. (¢) Three
brGO/Mb supercapacitors connected in series with calf
serum saturated separators powering an LED.

[0015] FIG. 7 shows charge discharge curves for different
proteins LbL assembled with three brGO layers, followed by
electrochemical reduction. The brGO/Mb film showed the
highest capacitance among other proteins. Mb: myoglobin,
Cyt-C: cytochrome C, Hb: hemoglobin, GOx: glucose oxi-
dase, Cat: catalase.

[0016] FIG. 8 shows cyclic voltammograms of films of
brGO assembled with different proteins on a pyrolytic
graphite electrode in a three-electrode system at a scan rate
of 1000 mV/s in 1.0 M Na,SO, as a neutral electrolyte.
Cationic proteins were prepared in buffers at pHs lower than
the isoelectric point of each tested protein. LbL assembly of
three bGO layers with two protein layers were carried out,
followed by electrochemical reduction. The brGO/Mb film
showed the highest capacitance among other proteins. Mb:
myoglobin, Hb: haemoglobin, Cyt-C: cytochrome C, GOx:
glucose oxidase, Cat: catalase.

[0017] FIG. 9 shows SEM images of a continuous brGO/
Mb film adsorbed onto a striated, micro-digitated gold
current collector. (a) SEM image showing an edge adsorbed
brGO/Mb film on the left half versus a bare gold CD surface
on the right half. (b) Magnification of the film edge.

[0018] FIG. 10 shows focused ion beam-scanning electron
microscope (FIB-SEM) images measuring brGO/Mb film
thickness on a gold CD underlayer. Prior to cutting with a
focused ion beam, a selected zone was coated with a
platinum layer to protect the sample from being damaged by
the ion beam. The figure shows a side view of the brGO/Mb
film on a gold under layer with platinum coating on the top;
the image shows a uniform gold underlayer (42+8 nm), with
a uniform brGO/Mb film (26+5 nm) on the gold.

[0019] FIG. 11 shows a cross-section of a thick film of
brGO/Mb prepared by drop casting on a glass slide to
visualize the coating of proteins on the GO layers.

[0020] FIG. 12 shows XRD powder patterns of as pre-
pared GO in comparison to LbL assembled bGO/Mb film,
showing a shift of the XRD peak to smaller diffraction angle,
indicating the role of myoglobin in spacing the GO sheets.

[0021] FIG. 13 shows Raman spectra for graphene oxide
(GO) before and after binding to different proteins. The
spectra show a higher intensity 2D band for GO bound to
myoglobin compared to all other proteins or GO alone.

[0022] FIG. 14 shows a comparison of capacitive behavior
of composites of previously cationized graphene oxide
(bGO) and native graphene oxide (GO), both assembled in
three bilayers with Mb and electrochemically reduced using
the same procedure. Also 5 pg/cm? of GO was loaded to
electrodes, electrochemically reduced, and tested for capaci-
tive behavior for comparison. CVs were recorded at 1000
mV/s in 1.0 M Na,SO, as a neutral electrolyte in a three-
electrode system, using pyrolytic graphite as the working
electrode. The figure demonstrates the superior performance
of the bGO containing film.
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[0023] FIG. 15 shows electrochemical performance of
brGO/Mb electrodes vs. brGO electrodes (without Mb) in a
three electrode cell, with SCE as a reference electrode. (a)
Cyclic voltammograms at 0.005 V/s in 0.1 M LiClO,. (b)
Charge/discharge cycle at 2 A/g in 0.1 M LiClO,.

[0024] FIG. 16 illustrates the electrochemical reduction,
and its effects on capacitance. (a) Repetitive cyclic voltam-
mograms for electrochemical reduction of a bGO/Mb film
on pyrolytic graphite. CV indicates disappearance of the
reduction peak at -0.95 after the first cycle, confirming an
irreversible reduction of bGO to brGO. (b) Cyclic voltam-
mogram for a bGO/Mb film before reduction, showing
characteristic myoglobin peaks. (c) Comparison of CV
before (red) and after (blue) reduction, causing a dramatic
increase in capacitance and a significant decrease of Mb
peaks. All CVs were taken at 100 mV/s, in 10 mM acetate
buffer, pH 5.5, containing 0.5 M potassium bromide. For
more efficient reduction, amperometric reduction at a more
negative potential (=1.2 V versus SCE) was used for reduc-
ing bGO/Mb film.

[0025] FIG. 17 shows electrochemical performance of Mb
electrodes. (a) Cyclic voltammogram at a scan rate of 0.025
V/s in 0.1 M Na,SO,. (b) Charge/discharge cycle of Mb
electrode at 6 A/g.

[0026] FIG. 18 shows the effect of temperature on elec-
trical conductivity of a brGO/Mb electrode.

[0027] FIG. 19 shows cyclic voltammograms, showing the
effects of increasing the number of bilayers of brGO/Mb on
current density. LbL assembly of the films was carried out on
pyrolytic graphite electrodes and tested in a three-electrode
cell in 1.0 M Na,SO, electrolyte at 1000 mV/s. Three
bilayers of brGO/Mb showed the highest current density
with no further enhancement from adding more layers.
[0028] FIG. 20 shows charge discharge curves for the
different layers of a brGO/Mb film in calf serum at a current
density of 0.05 mA/cm®. All layers were assembled on a
Au-PDDA current collector.

[0029] FIG. 21 shows charge/discharge curves for a brGO/
Mb electrode in comparison to support materials in calf
serum at 0.05 mA/cm’.

[0030] FIG. 22 shows FIB-SEM images measuring PVA
separator thickness on gold CD underlayer. Prior to cutting
with a focused ion beam, a selected zone was coated with a
platinum layer to protect the sample from being damaged by
the ion beam. The figure shows a side view of one of the
porous PVA separators with an average thickness of 992 nm.
The figure shows the plastic support of the CD, the thin gold
layer used as the current collector, the PVA porous mem-
brane, the platinum protective coating, and the damaged
unprotected PVA membrane.

[0031] FIG. 23 shows electrochemical behavior of a
brGO/Mb supercapacitor in 1.0 M H,S0,,. (a) Galvanostatic
charge/discharge curves at different current densities (2.5 to
25 A/g). (b) Cyclic voltammograms at different scan rates
(25 to 2000 mV/s), showing nearly rectangular CV curves
up to 500 mV/s.

[0032] FIG. 24 shows: (a) Change of volumetric and
gravimetric capacitance with scan rate for a brGO/Mb
electrode in biofluids and acid electrolyte; and (b) Cyclic
stability of the brGO/Mb EC in calf serum compared with
acid. The inset shows the charge-discharge curves in acid
medium at a current density of 25 A/g.

[0033] FIG. 25 shows electrochemical behavior of a
brGO/Mb supercapacitor in calf serum. (a) Galvanostatic
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charge/discharge curves at different current densities (2.5 to
25 A/g). (b) Cyclic voltammograms at different scan rates
(25 to 2000 mV/s).

[0034] FIG. 26 shows electrochemical behavior of a
brGO/Mb supercapacitor in human urine. (a) Galvanostatic
charge/discharge curves at different current densities (2.5 to
25 A/g). (b) Cyclic voltammograms at different scan rates
(25 to 2000 mV/s).

[0035] FIG. 27 shows a powder X-ray diffraction (PXRD)
pattern of brGO/Mb. (B) Barrett-Joyner-Halenda (BJH) des-
orption pore size distribution.

[0036] FIG. 28 shows a Ragone plot of a brGO/Mb
supercapacitor in an acid, showing high energy density up to
1.1 Wh/kg at high power density.

[0037] FIG. 29 shows a Trypan blue exclusion test of
COS-7 cells subjected to brGO/Mb supercapacitor cycling
tests with different numbers of charge-discharge cycles.
Images show mainly live cells with a few dead cells stained
in blue. (a) Control COS-7 cells were not subjected to the
device, showing 8+4 dead cells. A few dead cells normally
appeared during the cell culture preparation, and before
testing the device. (b) COS-7 cells subjected to 5000 cycles
with no significant difference in the number of dead cells
compared to the control. (¢) COS-7 cells subjected to 10,000
cycles with nearly equal number of dead cells as the control.
Scale bar indicates 50 pm; black arrows show examples of
dead cells in all images.

[0038] FIG. 30 shows electrochemical impedance spec-
troscopy (EIS) for a brGO/Mb supercapacitor in biofluids as
well as in an acid electrolyte. (a) Nyquist plot with the high
frequency region magnified in the inset, showing nearly
identical impedance behavior for the device in different
electrolytes. The brGO/Mb EC exhibited low series resis-
tance in acid (4Q) compared with biofluids (8 to 10Q). (b)
Change of phase angle with frequency. The time constant ()
was calculated from the frequency (f) at an angle of -45°
according to the following relation: t (seconds)=1/f (Hz) at
-45°. Inset shows an LED powered by three brGO/Mb ECs
connected in series with calf serum saturated separators.
[0039] FIG. 31 shows self-discharge behavior of a brGO/
Mb EC in calf serum electrolyte. The device was first
charged at a constant potential of 1 V using amperometry,
followed by an open circuit potential experiment to monitor
drop in potential with time.

[0040] FIG. 32 shows a structural analysis of proteins in
relationship to protein capacitive performance in brGO LbL
assembled film. (a) Total number of charged amino acid
residues (Hist, Lys, Arg, Glu, Asp) in the protein. (b) Total
number of charged amino acid residues divided by the molar
mass of the corresponding protein. (c) Total number of
charged amino acid residues divided by the mass of the film
(assuming a mass of 5 pg of protein film).

[0041] FIG. 33 shows areal and gravimetric capacitance as
well as the mass calculated from quartz crystal microbalance
for different layers of brGO/Mb film and support materials.
[0042] FIG. 34 shows toxicity of bGO/Mb versus as-
prepared GO. (a)-(c) Optical microscopy images of COS-7
cells; scale bar is 10 (a) Healthy control COS-7 cells without
addition of any graphene-based materials. (b) COS-7 cells
co-incubated for 48 hours with 1600 pg/mL protein modified
graphene oxide (bGO/Mb) showing no adverse effects on
cells compared to control. (¢) COS-7 cells co-incubated for
only 8 hours with 25 pg/mL of as-prepared GO showing
severe cell damage. (d) Dose-dependent toxicity in COS-7
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and MEF cells co-incubated with GO for 8 hours, measured
in terms of intracellular dehydrogenases (IDH) activity. (e)
No significant cell toxicity was observed in COS-7 and MEF
cells co-incubated with bGO/Mb as measured by IDH
activity even at very high concentrations.

[0043] FIG. 35 shows CVs of brGO/Mb bEC showing (a)
the effect of bending a device to different angles, (b) the
effect of charging/discharging a device to different numbers
of cycles while the device is bent to an angle of 90°, and (c)
the effect of manually bending a brGO/Mb device to differ-
ent bending cycles. The device was bent to an angle of 90°
in each cycle. (d) The electrochemical performance of
brGO/Mb bEC in packageless and PDMS-packaged plat-
forms bent to a 90° angle.

[0044] FIG. 36 shows a comparison of the charge/dis-
charge cycles (left) and cyclic voltammogram (right) of both
bare capacitors and biosupercapacitors fabricated by direct
electrodeposition of graphene oxide-myoglobin composites,
demonstrating an increase in capacitive behavior of almost
100 times.

[0045] FIG. 37 shows a Wireless Photorechargeable bio-
supercapacitor. A solar panel converts solar energy to elec-
trical current, which passes through the transmission coil
and then gets transferred to a receiver coil. This in turn
charges the supercapacitor to power a portable pipette tip
biosensor. The tip sensor is a 3D-printed transparent device
with a graphite sheet as the working electrode, Pt as a
counter electrode, and a reference electrode of Ag/AgCl.
The sensor is designed to fit into a 50 mL pipette tip and to
receive power from the portable biosupercapacitor attached
to it.

[0046] FIG. 38 shows electrochemiluminescence signals
from a pipette tip sensor after applying a potential of 1.25V
using a photorechargeable biosupercapacitor. Results show
the effect of different aflatoxin-1 (AFB-1) concentrations on
DNA damage, which was detected in terms of ECL signal
increase driven by the photorechargeable biosupercapaci-
tors.

DETAILED DESCRIPTION

[0047] Before any embodiments of the invention are
explained in detail, it is to be understood that the invention
is not limited in its application to the details of construction
and the arrangement of components set forth in the follow-
ing description or illustrated in the following drawings. The
invention is capable of other embodiments and of being
practiced or of being carried out in various ways.

[0048] In one aspect. the invention relates to supercapaci-
tors, particularly implantable supercapacitors fabricated by
rational design and synthesis of new heterostructures in
which two-dimensional graphene is combined with proteins,
such as bovine proteins. These graphene-protein based
devices are also referred to herein as bioelectrochemical
capacitors (bECs), biological supercapacitors, and biosuper-
capacitors.

[0049] Among other applications, these devices could
replace batteries in next generation implantable biomedical
devices, such as cardiac and gastric pacemakers; deep brain,
bladder, and bone stimulators; automated drug delivery
systems; artificial vision; and biosensors. In the United
States alone, at least 2.9 million patients use pacemakers to
help resolve medical problems, and the number of patients
in need of a pacemaker is expected to increase dramatically
each year.
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[0050] Like other electronic devices that rely on batteries
for their power, currently implantable medical devices must
be replaced when the battery is drained. This necessitates
that the patient undergo painful surgery at significant
expense multiple times in a lifetime. Having supercapacitors
as power sources for pacemakers instead of batteries will
increase the life expectancy of pacemakers to extend to a
patient’s lifetime. This avoids patients’ painful surgeries as
well as high costs. Also, supercapacitor-powered pacemak-
ers are safer than those powered with batteries.

[0051] Additionally, the self-powered supercapacitor/har-
vester system disclosed herein may provide a power source
for portable electronics such as cell phones, laptops, tablets,
and other battery powered electronics.

[0052] In certain embodiments, the disclosed supercapaci-
tors are only one micrometer thick, achieving high energy
density comparable to that of lithium thin film batteries, but
with much higher power density and faster discharge of
signal. These devices may safely utilize actual body fluids as
electrolytes for operation with a very long life cycle. The
disclosed supercapacitors showed no detectable signs of cell
toxicity when exposed to mouse embryo fibroblasts and
COS-7 cell cultures for 5,000 charge-discharge cycles. Cou-
pling the microscale graphene-protein supercapacitor with a
standalone power source could power the next generation of
miniaturized implantable devices for the lifetime of a
patient. Such a standalone power source may be an implant-
able energy harvester, as illustrated in FIG. 1. A suitable
implantable energy harvester may be piezoelectric or ther-
moelectric, for example. In certain embodiments, the
implantable energy harvester is an implantable triboelectric
nanogenerator. In certain other embodiments, the implant-
able energy harvester is a mass imbalance oscillation gen-
erator.

[0053] In certain embodiments, the disclosed supercapaci-
tors provide very high energy density comparable to Li thin
film batteries, but with much higher power density. For
example, ultrathin brGO/Mb supercapacitors described
herein achieved ultrafast frequency response (cell time con-
stant 1.5 milliseconds), making these devices perfect for the
fast discharge of electrical signal to the desired organ by
next generation pacemakers as well as acting as AC recti-
fiers, and the ability to use body fluids as electrolyte for
operation without any toxic effects to neighboring cells.
[0054] Supercapacitors are high-performance electro-
chemical capacitors (ECs) that store energy at much higher
power density than batteries. Power systems for implantable
devices require an intermediate energy storage system, such
as ECs, for their operation. By storing generated energy in
an EC, output power can periodically drive existing medical
implants. However, there are some stringent requirements
for implantable medical devices. They must be safe during
operation and have predictable performance and high reli-
ability. They should provide service over many years with
no maintenance required. It is also important that they have
high volumetric energy density to enable the miniaturization
of the entire implanted system (FIG. 1).

[0055] Compared to batteries, ECs have faster charge-
discharge rates, lower internal resistance, higher power
density, better cycling stability, and the ability to use exter-
nal fluids as electrolytes. These devices have the potential to
power a new generation of implantable devices, such as
cardiac and gastric pacemakers; deep brain, bladder, and
bone stimulators; automated drug delivery systems; artificial
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vision; and biosensors. However, ECs are currently limited
by relatively low volumetric and gravimetric capacitances,
and low energy densities (energy stored per unit volume or
mass) that are less than those of batteries. In addition,
batteries in general are considered the least “green” com-
ponent in any electronic device. They often use toxic mate-
rials and operate on liquid electrolytes, which can be very
harmful if leakage occurs. Using such batteries for implant-
able medical devices not only make them bulky but also
raises safety concerns. Thus, rationally designing green and
sustainable bioelectrochemical capacitors (bECs), also
called biosupercapacitors, with high volumetric energy den-
sity is highly desirable. It is also important that these bECs
use electrode materials and electrolytes that are safe to living
cells.

[0056] Graphene sheets feature single layers of carbon
atoms with unique electrical properties that are promising
for designing ultrathin bECs and other novel technological
applications. It is an attractive nanomaterial for implantable
bECs, given its high theoretical capacitance of 550 F/g and
its rich surface chemistry, which enables further processing
into composite materials with desirable properties.

[0057] The inventors have surprisingly developed gra-
phene-based bECs with one or more, preferably all, of the
attractive qualities described above by, for example, attach-
ing polyamine-derivatized (cationized) bovine serum albu-
min (cBSA) to the surface of graphene oxide (GO) as a
nanospacer and further deposition of heme protein myo-
globin in a layer-by-layer (LbL) process, followed by elec-
trochemical reduction. Other cationized and small-heme
proteins may be used, however, and other processes besides
LbL, as described herein.

[0058] In certain embodiments, disclosed are graphene-
based bECs having an ultrahigh volumetric capacitance in
biofluids up to 655 F/cm? at a scan rate of 100 mV/s, and 534
F/cm® at a current density of 2.5 A/g. Energy density may
reach up to 1.8 mWh/cm®, which is 3 to 11 times higher than
commercially available thin-film ECs. They may be thinner
(1.14 pm in certain embodiments) than a human hair and can
provide high power density.

[0059] Unlike pristine graphene, which may pose potential
risks to human cells, the new hybrid material disclosed
herein shows no signs of cell toxicity at concentrations 160
times higher than those used in a typical embodiment of the
disclosed bECs. In certain embodiments, the encapsulated
device showed no adverse effects on cells after 4 days of
continuous charge/discharge cycles.

[0060] Disclosed herein, among other things, is a new
platform for the design of ultrathin bECs utilizing for the
first time human biofluids as electrolytes for the develop-
ment of, for example, the next-generation implantable medi-
cal devices (FIG. 1).

[0061] The disclosed invention includes a novel group of
implantable supercapacitors—energy storage devices. New
heterostructures are fabricated by rational design. In certain
embodiments, two-dimensional graphene is combined with
proteins. In certain embodiments, the proteins are bovine
proteins.

[0062] These devices may replace batteries in next gen-
eration implantable biomedical devices, such as cardiac and
gastric pacemakers; deep brain, bladder, and bone stimula-
tors; automated drug delivery systems; artificial vision; and
biosensors, for example. Unlike batteries, the disclosed
devices have the potential to power all implantable medical
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devices for the lifetime of a patient. Additionally, the speci-
fications for energy density and power density far exceed
industry standards, while also being completely compatible
with biological systems.

[0063] In contrast to conventional batteries, the disclosed
supercapacitors may be only one micrometer thick and
achieve high energy density comparable to that of lithium
thin film batteries, but with much higher power density and
faster discharge than lithium thin film batteries. Addition-
ally, the disclosed devices may be able to safely utilize
actual body fluids as electrolytes for operation, with very
long life cycle. The disclosed supercapacitors show no
detectable signs of cell toxicity when exposed to mouse
embryo fibroblasts and COS-7 cell cultures for 5000 charge-
discharge cycles.

[0064] Coupling of microscale graphene-protein superca-
pacitors with implantable energy harvesters may power the
next generation of miniaturized implantable devices for the
entire lifetime of a patient. Currently, implantable medical
devices must be replaced when the battery is drained, which
necessitates that the patient undergo painful surgery at
significant expense multiple times in a lifetime. Instead,
having the disclosed supercapacitors as power sources for
pacemakers, for example, may increase the life expectancy
of pacemakers to extend for a patient’s lifetime. This avoids
patients’ painful surgeries as well as very high costs. Also,
supercapacitor powered pacemakers may be safer than those
powered with batteries.

[0065] The disclosed supercapacitors may provide high
energy density with high power density. The high energy
density may be comparable to Li thin film batteries. The high
power density may exceed Li thin film batteries. The dis-
closed supercapacitors may achieve ultrafast frequency
response. For example, the frequency response may be
characterized by a cell time constant of 1.5 milliseconds. A
fast discharge of electrical signal may be desirable in pace-
makers or AC rectifiers, for example. The disclosed super-
capacitors may be able to use natural body fluids as elec-
trolyte for operation. They may also be able to operate
without any toxic effects to neighboring cells. In some
embodiments, the supercapacitor may be 1 micrometer
thick.

[0066] FIG. 1illustrates a scheme of a possible application
of the disclosed supercapacitors (central panel) as micro-
power sources for biomedical implants. FIG. 2 illustrates
one method of fabricating the disclosed electrodes.

[0067] The disclosed supercapacitors were designed by a
bottom up approach for the assembly of graphene-based
electrodes (FIG. 2). The supercapacitors may be fabricated
using bGO, a novel biophilized graphene oxide (bGO)
nanocomposite featuring graphene oxide sheets (GO) modi-
fied with cationized bovine serum albumin (cBSA). See
Pattammattel, A. et al., Tuning the Activities and Structures
of Enzymes Bound to Graphene Oxide with a Protein Glue.
Langmuir 29, 15643-15654 (2013), incorporated herein in
its entirety.

[0068] Layer-by-Layer (LbL) deposition (see Lvov, Y.
Electrostatic Layer-by-Layer Assembly of Proteins and
Polyions, In Lvov, Y., Méhwald, L. Protein Architecture:
Interfacing Molecular Assemblies and Immobilization Bio-
technology, Marcel Dekker, 125-167 (2000), incorporated
herein in its entirety) may be used to fabricate electrodes of
alternate layers of bGO and myoglobin (Mb) onto a 1.0 cm®
ultrathin gold sheet to form several bGO/Mb bilayers.
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[0069] Then bGO/Mb may be electrochemically reduced
to brGO/Mb, where brGO is reduced biophilized graphene
oxide (FIG. 2 at (g)). A film of three layers of brGO
alternated with two layers of Mb gave the largest capaci-
tance per unit volume, up to 860 F/em? at 25 mV/s. In this
measurement, the contribution of a current collector and
separator was subtracted, as described below. EC devices
made from these electrodes were able to utilize cell culture
media and mammalian biofluids as electrolytes for high
capacitance output with no measurable signs of cytotoxicity.
The cytotoxicity measurements were in cell culture media
after 5,000 charge/discharge cycles.

[0070] The disclosed brGO/Mb electrodes may be fabri-
cated by reacting a surface of a thin gold current collector
with 5 mM mercaptopropionic acid in 70% ethanol to
self-assemble an anionic alkylthiol monolayer. Next, poly
(diallyldimethyl ammonium) chloride (PDDA) may be
adsorbed from an 4.0 mg/mL solution in 0.5 M NaCl onto
the gold surface to form a cationic hydrophilic/hydrophobic
underlayer suitable for adsorbing the next layers. A nega-
tively charged layer then may be adsorbed from 0.7 mg/mL
bGO in pH 7.2 buffer, followed by a layer of Mb adsorbed
from 3.0 mg/mL solution, pH 5.0. In this way, three layers
of bGO may be sandwiched between two layers of myo-
globin, for example, and named as bGO/Mb film. Electro-
chemical reduction of the bGO/Mb film may be performed
using amperometry at a constant potential of -1.2 V for 70
s in 10x107> M acetate buffer, pH 5.5 in 0.5 M salt, such as
KBr or lithium perchlorate (LiCO4), and the resulting film
may be named as brGO/Mb.

[0071] Without being limited to theory, graphene may be
made more compatible with living cells by ¢cBSA and Mb.
They may also provide a good source of heteroatoms to
improve the specific capacitance of graphene by introducing
pseudocapacitive behavior. See Wu, Z.-S. et al. Layer-by-
Layer Assembled Heteroatom-Doped Graphene Films with
Ultrahigh Volumetric Capacitance and Rate Capability for
Micro-Supercapacitors. 4dv Mater 26, 4552-4558 (2014),
incorporated herein by reference in its entirety. The proteins
may also act as polyionic nano-spacers to prevent agglom-
eration and restacking of graphene, which can undermine
electrochemical performance. A gold current collector may
be employed. because gold is among the safest materials for
medical application. See Shukla, R. et al. Biocompatibility
of Gold Nanoparticles and Their Endocytotic Fate Inside the
Cellular Compartment: A Microscopic Overview. Langmuir
21, 10644-10654 (2005), incorporated herein by reference in
its entirety.

[0072] FIG. 3 illustrates various characterization results
for certain embodiments of the disclosed graphene-protein
electrodes. FIG. 4 illustrates electrochemical behavior of a
brGO/Mb supercapacitor according to an embodiment of the
disclosed invention.

[0073] Incertain embodiments, the film was electrochemi-
cally reduced in 10 mM acetate buffer, pH 5.5 containing 0.5
M KBr at constant potential of 1.2 V vs. SCE for 70 s. The
reduction of bGO in the film to brGO was indicated by the
change of film color from brown to black, and was also
supported by a reduction peak for bGO found at -0.95 V vs.
SCE by cyclic voltammetry (CV) that disappears upon
subsequent scans (FIG. 11 at (a)). In addition, a dramatic
increase in capacitance was found after bGO reduction to
brGO (FIG. 4 at (a), FIG. 11 at (b-c)). CV profiles showed
characteristic Fe”/Fe” peaks of Mb at -0.3 V vs. SCE in
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acetate buffer; the characteristic peaks appeared before and
after reducing the film for 3 s, but continued reduction for 70
s caused a large increase in the charging current and loss of
the Mb peaks (FIG. 4 at (a)).

[0074] A photograph of one embodiment of an implant-
able supercapacitor according to the disclosed invention is
shown in FIG. 4 at (c). It was assembled from two brGO/
Mb/brGO/Mb/brGO electrodes bound to a flexible thin gold
foil with a thickness of 42+8 nm (FIG. 8), obtained after
etching away a plastic protective layer of a gold compact
disc (CD). To get a neat and ultrathin supercapacitor, a layer
of polyvinyl acetate gel saturated with electrolyte was
loaded onto the electrodes to serve as both the separator and
electrolyte with an average separator thickness of 992 nm
(FIG. 13), which may have simplified the processing of the
electrodes into paper-like flexible supercapacitors. The total
thickness of the device was only 1.14 um, providing a thin,
lightweight power source for implantable devices, for
example. Despite being ultrathin, the supercapacitor dem-
onstrated excellent mechanical properties; the device could
be bent, folded, and twisted several times without cracking,
for example.

[0075] The overall performance of a brGO/Mb superca-
pacitor is displayed in a Ragone plot (FIG. 17). The brGO/
Mb supercapacitor displayed a high energy density of 1.1
mWh/g at a high power density of 13.5 W/g, calculated
based on the total mass the device stack as illustrated in FIG.
17. A similar plot using the volume of the device stack is
shown in FIG. 4 at (h). For comparison, the energy density
and power density of a 300 pF/3 V aluminum electrolytic
capacitor, 12 pAh/3.3 V Li thin film battery, 500 pAh/5 V 1i
thin film battery, and three commercially available EDLCs
designed for small scale applications were also tested. The
brGO/Mb supercapacitor can provide a high energy density
of 1.8 mWh/cm?, which is comparable to Li thin film
batteries, and 3 to 11 times higher than thin film commercial
EDLCs. The brGO/Mb device can also deliver a power
density of 5 mW/cm?, which may be sufficient to drive all
implantable medical devices currently known (FIG. 4 at (h)).
[0076] A performance comparison with conventional thick
film electrodes is irrelevant, as thick film electrodes are not
suitable for miniaturized implantable devices.

[0077] FIG. 5 illustrates the performance of a brGO/Mb
supercapacitor in cell culture medium. FIG. 6 illustrates
results of electrochemical impedance spectroscopy (EIS) for
a brGO/Mb supercapacitor in biofluids and in acid electro-
Iyte.

[0078] Electrochemical impedance spectroscopy (EIS)
showed nearly straight lines in the high frequency region in
certain tested electrolytes (FIG. 6), for example, all tested
electrolytes. A brGO/Mb device showed a very fast fre-
quency response as measured by the frequency at -45° (FIG.
6 at (b)). For example, the very fast frequency response may
be characterized by a cell time constant of 1.5 ms in biofluids
and 3.7 ms in acid. Additionally, the observed phase angle
close to -90° suggests nearly ideal capacitive behavior.
Three supercapacitors made up of the ultrathin brGO/Mb
films were capable of powering a light emitting diode
utilizing calf serum as the electrolyte (FIG. 6 at (c)).
[0079] Without being limited to theory, the fast frequency
response of the devices is likely to be related to fast ion
movement through the thin electrode assemblies, with myo-
globin possibly acting as a nanochannel for fast ion trans-
port. See Levantino, M. et al. Ultrafast myoglobin structural
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dynamics observed with an X-ray free-clectron laser. Nat
Commun 6 (2015) and Jiang, Y., Kirmizialtin, S. & Sanchez,
1. C. Dynamic void distribution in myoglobin and five
mutants. Sci rep 4, 4011 (2014), incorporated herein by
reference in their entireties.

Construction of Ultra-Thin Gold Current Collectors
from Gold CD

[0080] A gold compact disc (CD) was treated with 70%
nitric acid in a Petri dish for 1 to 2 minutes to remove the
outer polymeric layer, thus exposing a thin gold layer with
a median thickness of 42+8 nm, as measured by focused ion
beam scanning electron microscope (FIB-SEM) (FIG. 8).
The gold layer was washed with 70% ethanol and then water
to remove any nitric acid contamination; this produced a
clean thin gold current collector in a rigid plastic support.
For a flexible current collector, the gold layer was removed
from the hard plastic support under a stream of running
water focused at the edge of the CD, then dried and
transferred to the sticky side of very thin transparent tape,
washed with DI water, and then dried before use. The gold
layer was then cut into pieces (1.0 cm? each, measured using
a Varnier Calliper) and then incubated into 5 mM mercap-
topropionic acid in 70% ethanol to produce an anionic
monolayer of HOOC-alkylthiol with the carboxylic groups
directed towards the surface, ready for binding the next
cationic layer.

Assembly of brGO/Mb Electrode Material

[0081] First, biophilized graphene oxide (bGO) was syn-
thesized by the method described in A. Pattammattel, M.
Puglia, S. Chakraborty, I. K. Deshapriya, P. K. Dutta, C. V.
Kumar, Langmuir 2013, 29, 15643-15654, hereby incorpo-
rated by reference in its entirety. Briefly, bovine serum
albumin (BSA) and 2-ethandiamine were mixed together,
followed by a slow addition of crosslinking agent to avoid
excessive crosslinking between BSA molecules. See M. .
Novak, A. Pattammattel, B. Koshmerl, M. Puglia, C. Wil-
liams, C. V. Kumar, ACS Catalysis 2016, 6, 339-347, hereby
incorporated by reference in its entirety. Chemically modi-
fied bovine serum albumin (cBSA) was allowed to bind to
GO through controlled addition of ¢cBSA to GO with con-
tinuous stirring for 20 hours to prepare bGO.

[0082] A layer-by-layer assembly technique was used to
alternate oppositely charged layers on the gold current
collector to construct the electrode material. Poly(dially-
Idimethyl ammonium) chloride (PDDA) (4 mg/mL in 0.5 M
NaCl) was adsorbed for 20 min to the gold surface to
assemble a cationic polyion polymeric layer. Adsorption of
each layer was followed by washing with DI water and
drying with nitrogen. A negatively charged bGO (0.7 mg/ml
in 10 mM phosphate buffer, pH 7.2) was then adsorbed for
30 min, followed by a positively charged myoglobin (3
mg/mL in 10 mM acetate buffer, pH 5.5) adsorbed for 30
min, and in this way, three layers of bGO were sandwiched
between two layers of myoglobin, named as a bGO/Mb film.

[0083] Electrochemical reduction of the bGO/Mb film was
then performed using amperometry at a constant potential of
-1.2Vfor 70 seconds in 10 mM acetate buffer, pH 5.51n 0.5
M KBr, and the resulting film was named brGO/Mb. A
pyrolytic graphite electrode in a three-electrode system was
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used for the selection of the best protein (Mb), the number
of bilayers (three), and for characterizing the electrochemi-
cal reduction step.

[0084] In certain embodiments, brGO-protein superca-
pacitors were fabricated with high volumetric capacitances
of up to 860 F/cm?. Proteins in these devices not only made
them compatible with cell-containing environments, but also
provided pseudocapacitance as heteroatom rich nanostruc-
tures and may act as nanochannels for shuttling ions of the
biofluids to conductive graphene interlayers. These devices
retained high energy density comparable to that of Li thin
film batteries, while utilizing common biofluids or cell
media as electrolytes to power LED with little loss of
performance and low cell toxicity. Unlike batteries, which
suffer from relatively slow discharge rates, the ultrathin
brGO/Mb supercapacitors achieved ultrafast frequency
response (cell time constant 1.5 ms), making these devices
advantageous for fast discharge of electrical signal to a
desired organ by next generation pacemakers, for example,
as well as for acting as AC rectifiers. With protein as a major
component in certain embodiments, these devices do not
release toxic components.

[0085] The disclosed supercapacitors may be integrated
into internally-powered biodevices. The disclosed superca-
pacitors may also be integrated into other devices.

A Highly Scalable Method for Fabrication of
Graphene Protein Biosupercapacitors

[0086] Positively charged protein was added to a solution
of negatively charged graphene oxide slowly with stirring.
This was followed by introduction of a bare current collector
to the solution and application of 1.1 V vs. SCE, which lead
to formation of uniform films of thick protein with reduced
graphene oxide, such as reduced graphene/myoglobin
(rGMb), for example. This method lead to thicker films than
traditional layer by layer assembly methods. This preferred
method also lead to construction of high performance bio-
supercapacitors in 30 seconds of fabrication time, which is
scalable and suitable for commercial production.

Device Fabrication

[0087] A thin water-insoluble polyvinyl acetate (PVA)
separator with an average thickness of 992 nm (FIG. 13) was
sandwiched between two brGO/Mb electrodes in a bottom
up designed supercapacitor and wrapped with Kapton tape.
PVA was first diluted in test electrolyte solution to a con-
centration of 1 to 5%. Adjustments may be needed until
achieving a full intact thin layer. The diluted suspension of
PVA was then applied to one side of the supercapacitor, left
to be just partially wet, and then the device was assembled.
In this exemplary embodiment, the full stack thickness of the
device was 1.14 um including electrodes, current collectors,
and separators. The device was then dipped into the testing
electrolyte for 10 minutes before electrochemical perfor-
mance was evaluated, to ensure wetting of the separator and
the electrodes with the test electrolyte. The device was
connected to an electrochemical workstation through exten-
sion from a gold collector via alligator clips, while copper
tape was used to connect the device to the electrochemical
workstation when using cell culture media as electrolyte, to
avoid possible contamination of the workstation alligator
clips by the media.
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[0088] As known in the art, polyvinyl alcohol and poly-
vinyl acetate are both abbreviated “PVA”. However,
although polyvinyl alcohol is a very common material for
separators in supercapacitor fabrication, it was typically
avoided because of its toxicity as well as solubility in
aqueous electrolytes, which may result in dissolving the
separator during testing, unlike polyvinyl acetate.

[0089] In certain embodiments, a midstream urine sample
was collected from a healthy male individual and used as an
electrolyte.

Contribution of Current Collector to the Device
Capacitance

[0090] The contribution of the gold CD as a current
collector to the device capacitance was evaluated by com-
paring the capacitance/area of the device with bare gold CD
pieces (without brGO/Mb film) with a device with a brGO/
Mb film in acid electrolyte at low and high scan rates. At a
low scan rate of 50 mV/s, the capacitance of the device with
bare gold was 50 pF/em?, compared to 1100 pE/cm? for the
brGO/Mb supercapacitor, while at a high scan rate of 1000
mV/s, the capacitance of the device with bare gold was 32
uF/em?, compared to 608 pF/cm? for the brGO/Mb super-
capacitor. This very low contribution of the gold current
collector is equivalent to only 4.5% and 5% at the low and
high scan rate, respectively. The contribution of the current
collector was subtracted from the capacitance of the elec-
trode inter alia. Moreover, the capacitance of the bare Au
electrode with PDDA adsorbed on the surface was 90
uF/ecm? in calf serum at a current density of 0.005 mA/cm?,
which represents 6% of the areal capacitance of the final
brGO/Mb electrode. The contribution of the Au-current
collector to the areal capacitance was subtracted from the
capacitance in the charge/discharge curves of the different
electrode materials disclosed herein.

Capacitance Calculations

[0091] The specific capacitance of a device was calculated
from galvanostatic charge/discharge curves using the fol-
lowing relation:

) e
Ceevice = —AE/AI
where i, is applied current in Amperes and -AF/At is the

slope of the discharge curve.

[0092] The gravimetric capacitance of the device (C;
(device)) and the stack volumetric capacitance (C, 0 Were
calculated using the following equations:

Caevice ©
Csi'dzv‘ ce) = M
Caevice (©)
Cv(xrack) = v

where M is the total mass of the active films on both
electrodes and V is the total volume of the device, including
flexible supports, current collectors, active films, and sepa-
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rator (but not packaging). Capacitance/area was calculated
by replacing the volume of the device in Equation 3 with the
device area.

[0093] The gravimetric capacitance of the electrode (C,
(electrode)), and the volumetric capacitance of electrode (C,
(elecrrode)) are given by the following formulas:

Ciidtectrode) = C(device) X4 4

_ 2x Caevice (5)
Cuietectrode) = ————
Vetectrode

[0094] Internal resistance (R) of the supercapacitor was
calculated through dividing the voltage drop (V,,,,) (mea-
sured at the beginning of the discharge curve) by the applied
current as follows:

Vi (©)
T DX

[0095] Power density (P) in W/kg and energy density (E)
in Wh'kg were measured for the whole device using the
following equations:

bk ©
7

1 s ®
E= Wc(dzvicz) xV

where t is the discharge time of the stacked device, V is the
operating potential window for the discharge curve sub-
tracted from V,,,,, and M is the total mass of the active
material of the two electrodes in grams, while C, .., 1s the
gravimetric capacitance of the device obtained from Equa-
tion 2.

[0096] The device capacitance was calculated from cyclic
voltammograms using the following integral relation:

Vn 9
f V2 -w1) ®
v

I
uxAE

Ceevice =
where i, V|, V,, v, and AE are the measured current, the
starting voltage, the ending voltage, the scan rate, and the
operating potential window, respectively.

Quartz Crystal Microbalance (QCM) Measurements

[0097] Gold resonators (0.16 cm®) were used in the
experiments. Mass/area was calculated from the frequency
shift (AF) according to the following equation (see Y. Lvov,
K. Ariga, 1. Ichinose, T. Kunitake, Jourral of the American
Chemical Society 1995, 117, 6117-6123, herein incorporated
by reference in its entirety):

M/A(g/cmz):—AF(HZ)xl.832><108 (10)
[0098] Nominal film thickness (d) was calculated from AF

due to adsorption of the film on one side of the gold
resonator, as shown by the following equation:

d(um)=-2(0.016)AF(Hz) a1
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[0099] Nominal film thickness of 3 layers of brGO alter-
nated with two layers of Mb was 32 nm, as measured by
QCM. The film thickness according to the above equation
was confirmed previously by high-resolution electron
microscopy. See M. J. Novak, A. Pattammattel, B. Kosh-
merl, M. Puglia, C. Williams, C. V. Kumar, ACS Catalysis
2016, 6, 339-347, herein incorporated by reference in its
entirety. The film thickness was averaged with findings from
focused ion beam SEM (FIG. 8).

Additional Components

[0100] Although certain exemplary embodiments of the
disclosed invention are described herein, additional suitable
components of the invention are also contemplated.

[0101] The current collector may comprise, consist essen-
tially of, or consist of a thin foil of gold, silver, aluminum,
platinum, alloys thereof, and/or combinations thereof.

[0102] The nanomaterial support may comprise, consist
essentially of, or consist of carbon-based nanostructures;
transition metal carbides, nitrides, or carbonitrides; boron
nitrides; and/or combinations thereof. Suitable carbon-based
nanostructures may include graphene, graphene oxide, gra-
phene nanoribbons, graphene nanolobes, nano-carbon, car-
bon nanotubes, carbon nanofibers, carbon nanodiamonds,
carbon nanohoms, carbon nanodots, black carbon, activated
carbon, and/or carbon nitride. The term “nano-carbon” may
mean any carbonaceous material whose size is between
about the thickness of a graphene plane up to a few nano-
meters (e.g. 3 nm) in at least one spatial dimension. Suitable
transition metal carbides, nitrides, or carbonitrides may
include MXenes, metal chalcogenides (such as WS,, MoS,,
WSe,, or GaSe), semi-metals, superconductors (such as
NbS, or TaSe,), and/or topological insulators or thermoelec-
tric materials (such as Bi,Se;, Bi,Te, WTa,, or TcS,).

[0103] The biomaterial may comprise, consist essentially
of, or consist of heme-proteins (such as myoglobin, hemo-
globin, or cytochrome C), enzymes (such as catalase, glu-
cose oxidase, peroxidases, transferase, or lyase), non-heme
proteins (such as bovine serum albumin), and/or combina-
tions thereof. Non-heme proteins may also include amino
acid based biomaterials (such as DNA, RNA, polysaccha-
rides, antibodies, small peptides, or poly-lysine). Proteins
may be used in positive, negative, or neutral forms.

[0104] The separator may comprise, consist essentially of,
or consist of a porous membrane (such as polyethylene,
polyvinyl acetate, or polyvinyl alcohol) saturated with a
biological electrolyte (such as blood, serum, urine, cerebro-
spinal fluid, saline, or buffer solution), an organic or inor-
ganic electrolyte, and/or combinations thereof.

[0105] The packaging of all the previous components may
comprise, consist essentially of, or consist of coating, wrap-
ping, and/or pressing the components into a material such as
polydimethylsiloxane (PDMS), polyethylene oxide, plastic,
metal, and/or combinations thereof. Alternately, the inven-
tion may not include a protective packaging.

[0106] The method of fabrication may comprise, consist
essentially of, or consist of layer-by-layer assembly, direct
electrochemical deposition, electroplating, chemical vapor
deposition (CVD), physical vapor deposition (PVD), drop
casting, electrospinning, screen printing, inkjet printing, 3D
printing, spin coating, and/or combinations thereof.
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EXAMPLES

[0107] To fully realize the potential of graphene for
implantable capacitive energy storage, bECs were fabricated
using novel biophilized graphene oxide (bGO) nanocom-
posite featuring GO sheets modified with ¢cBSA. The latter
material is BSA with chemically attached protonated amine
groups to enhance positive charge and proton transfer capac-
ity. LbL deposition was then used to fabricate electrodes of
alternate layers of bGO and myoglobin (Mb) onto an 1.0
em?® ultrathin gold sheet to form several graphene oxide
modified proteins (bGO/Mb) bilayers (in this example, one
bilayer refers to one bGO layer). Then, bGO/Mb was
electrochemically reduced to brGO/Mb (brGO is biophilized
reduced graphene oxide). A film of three layers of brGO
sandwiching two layers of Mb gave the largest capacitance
per unit volume, up to 534 F cm™ in human urine at 2.5 A
g~ (contribution of current collector and separator is sub-
tracted). bEC devices made from these electrodes were able
to utilize cell culture media and mammalian biofluids as
electrolytes for high capacitance output with no measurable
signs of cytotoxicity in cell culture media.

[0108] In this design, ¢cBSA and Mb should render gra-
phene more compatible with living cells, and provide a good
source of heteroatoms to improve the specific capacitance of
graphene by introducing pseudocapacitive behavior. These
proteins have a good adsorption character and their charge
can be easily controlled by changing the pH, which make
them an excellent candidate for electrode fabrication. More-
over, proteins act as polyionic nanospacers to prevent the
restacking of graphene that often limits the access of the ions
to the sheets and undermines its electrochemical perfor-
mance. A gold current collector was employed in the cell
design, since gold is among the safest materials for medical
applications. Other designs exist using reduced graphene
oxide assembled with polymers that achieved good capaci-
tive performance, but using toxic polymers as part of the
electrode materials and/or using toxic electrolytes saturated
separators potentially limit these designs’ use for implant-
able biomedical applications.

[0109] In order to understand the capacitive behavior of
the graphene-protein bECs, different protein films were LbL
assembled with brGO (three brGO layers sandwiching two
protein layers) and their electrochemical performance was
evaluated using charge/discharge curves and cyclic voltam-
metry (CV). Utilizing calf serum as electrolyte at a current
density of 0.005 mA cm™2, Mb showed the highest areal
capacitance reaching 1526 pF cm™, followed by
cytochrome-C (Cyt-C) with a capacitance of 1175 pF ecm™2,
then hemoglobin (Hb), glucose oxidase (GOx), and finally
catalase (Cat) in order of decreasing areal capacitance.
[0110] Proteins are rechargeable by protonation/deproto-
nation through their charged residues, such as charged
amino acid side chains (lysine, arginine, histidine, glutamic
acid, and aspartic acid). Protonation/deprotonation can be
used by organic compounds to store the capacitive charge.
By calculating the total number of charged amino acid
residues (protonatable sites) in each protein and normalizing
them to the molar mass of the protein, a strong correlation
with the areal capacitance was discovered. Myoglobin had
the highest ratio of charged residue/molar mass (Z/M) and
the highest areal capacitance, followed by Cyt-C, Hb, and
GOx in order of decreasing both the Z/M ratio and the areal
capacitance. Catalase showed moderate 7/M ratio but exhib-
ited low areal capacitance, perhaps due to its large molecular
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size and highly negative hydropathy index. This suggests a
key role of the number of protonatable sites in the capacitive
performance of the graphene-protein films. Based on these
results, Mb nanocomposite with brGO was further explored
for the development of bECs. Although myoglobin showed
the highest Z/M and areal capacitance, cytochrome-C,
hemoglobin, glucose oxidase, and catalase (among others)
may also show suitable performance and are explicitly
contemplated herein.

[0111] Characterization of the brGO/Mb electrode using
scanning electron microscopy (SEM) revealed that brGO/
Mb films adsorbed to the striated gold current collectors
were continuous and relatively uniform. Tapping mode
atomic force microscopy (AFM) images showed a uniform
first layer of poly(diallyldimethyl ammonium) chloride
(PDDA). The adsorption of bGO resulted in a continuous
layer of overlapping GO sheets with small islands of cBSA.
The incorporation of the Mb layer increased the film rough-
ness, perhaps due to its globular nature. Addition of another
layer of bGO on this surface resulted in a sheet-like coating
on the Mb layer. Overall, AFM images revealed a homoge-
neous coating of the LbL film on the gold current collector.
[0112] Quartz crystal microbalance (QCM) was used to
monitor and control the LbL assembly of the electrode
material. The bGO/Mb film was observed to grow almost
linearly as a function of the number of layers. The electro-
chemical reduction of this bGO/Mb film is associated with
a decrease in the electrode mass and thickness, suggesting
the successful removal of residual oxygen functionalities
from the surface of the graphene oxide. QCM estimates a
nominal thickness of 3222 nm for the brGO/Mb active film,
while SEM cross section imaging after cutting with a
focused ion beam gave 26+5 nm for the same film. Thus, the
average thickness of brGO/Mb/brGO/Mb/brGO from the
SEM and QCM was 29+4 nm. Analysis of the films by
Raman spectroscopy showed an increase in the ratio of the
intensities of the D band to the G band (1,,/1;) for brGO (1.1)
compared to bGO (0.94), suggesting that the reduction
resulted in structural modification of graphene oxide sheets
with the introduction of defects. Moreover, the intensities of
the 2D and S3 bands showed notable increases after reduc-
tion, suggesting better graphitization in brGO.

[0113] The unique spacing achieved by Mb spreading on
the bGO reduced the extent of m-m stacking between adja-
cent layers and separated them more efliciently. This was
confirmed by the shift of the characteristic GO X-ray
powder diffraction (XRD) peak in the bGO/Mb film to a
lower diffraction angle as compared to the as-prepared GO,
indicating an increase of the intersheet distance due to Mb
spacing. In addition, Raman spectra of different proteins
bound directly to GO were compared to the Raman spectrum
of the GO-only sample. Results showed that the Mb-GO film
had a sharp, relatively high intensity 2D peak compared to
other proteins-bound GO or the as-prepared GO sample,
indicating fewer layers of GO sheets and hence better
spacing in case of GO/Mb films. This may be attributed to
the small size and the higher electrostatic attraction of Mb to
GO because of Mb’s higher 7/M ratio.

[0114] Binding of Mb to bGO was quantified and the
bound protein structure examined by circular dichroism
(CD) spectroscopy. CD spectra indicated a loss of secondary
structure of the bound Mb. Other proteins were also tested
as alternatives to Mb; most of these retained their secondary
structures on binding to bGO, but capacitive performance
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was the best with Mb. Proteins in the film increased the
capacitance per unit area, up to five times when compared to
the capacitances of the corresponding films made from
drop-casted reduced graphene oxide, which lacked the
proper spacing of sheets and the pseudocapacitance of the
heteroatom-rich interlayers with charged residues and pro-
tonatable sites, which are required for charge storage by
protonation/deprotonation as the brGO layers are charged
up. In addition, brGO interlayered with Mb (brGO/Mb)
showed two times higher capacitance versus brGO-only
films drop-cast on the electrodes, indicating the important
capacitive role of Mb in brGO/Mb films.

[0115] The electrochemical reduction of the film was
achieved in 10x10~* m acetate buffer, pH 5.5 containing 0.5
m potassium bromide (KBr) at constant potential -1.2 V
versus saturated calomel electrode (SCE) for 70 s. The
reduction of bGO in the film to brGO was indicated by the
change of film color from brown to black, and is supported
by a reduction peak for bGO found at -0.95 V versus SCE
by CV that disappears upon subsequent scans. In addition, a
dramatic increase in capacitance was found after bGO
reduction to brGO. CV profiles showed characteristic Fe™/
Fe” peaks of Mb at -0.3 V versus SCE in acetate buffer.
These characteristic peaks appeared before and after reduc-
ing the film for 3 s, but continued reduction for 70 s caused
a large increase in the charging current and loss of the Mb
peaks.

[0116] The iron heme center of heme proteins is an
important active center for a number of catalytic reactions,
and was also reported to contribute to capacitance of thick
proteins films supported on nickel foam electrodes. How-
ever, loss of the characteristic redox peaks of the Fe™/Fe”
of the heme center after electrochemical reduction, along
with the loss of the protein secondary structure as revealed
by CD, confirm that Mb is denatured in the brGO/Mb
electrodes and the heme center is lost or deactivated, which
suggests a minor role of the Fe”’/Fe” heme redox couple in
the capacitive behavior of the brGO/Mb electrodes.

[0117] Myoglobin has the highest Z/M ratio among the
studied proteins, and yet Mb-only films had low specific
capacitance of 16.6 F g~!. The low capacitance of Mb in the
absence of graphene is perhaps due to the poor electrical
conductivity of Mb-only films. The electrical conductivity
of the Mb alone and in the LbL assembled film with brGO
were measured using the 4 probe technique. Mb showed low
electrical conductivity of 3.6x107® cm™" at room tempera-
ture due to its insulating nature, which perhaps explains the
poor electron flow through thick Mb films and its low
specific capacitance. However, the introduction of brGO to
the Mb films increased the electrical conductivity by five
orders of magnitude reaching 0.003 S cm™ at room tem-
perature. The electrical conductivity of the brGO/Mb elec-
trode was further explored at different temperatures using a
two-electrode setup. The brGO/Mb electrode showed good
thermal stability and increase in conductivity as the brGO/
Mb electrode was heated up to 150° C., suggesting that the
brGO/Mb electrodes are thermally stable at temperatures far
beyond those needed for implantable applications.

[0118] The electrochemical performance of the brGO/Mb
electrodes was further studied to assess capacitive efficiency
as implantable bECs. The capacitive behavior depended
strongly on the number of bilayers. The areal capacitance
increased almost linearly up to three bilayers, after which a
plateau was observed. This is likely due to the low conduc-
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tivity of the Mb layers that limit electron transport between
the top layer and the current collector for thicker films. The
capacitance functionality of each of the five layers of the
brGO/Mb film and the supports were evaluated in calf serum
using charge/discharge curves at 0.005 mA cm~>. The areal
capacitance of the positively charged gold current collector
(with PDDA adsorbed on the surface) was 90 g cm™, which
represents 6% of the areal capacitance of the final brGO/Mb
electrode. The capacitance of the current collector was
subtracted from the capacitance of all other samples. The
adsorption of the first bGO layer followed by electrochemi-
cal reduction to brGO resulted in 2.0 pg cm™> brGO layer, as
measured by QCM, with an areal capacitance of 462 pF
em™ and a gravimetric capacitance of 232 F g™'. The first
brGO layer represents 40% of the mass of the final brGO/Mb
film and 30.3% of its areal capacitance. The adsorption of
the positively charged Mb as a second layer resulted in a
significant increase in the areal capacitance, reaching 847 pF
em™ and increasing the gravimetric capacitance of the
assembled film to 260 F g™', indicating the key role of
myoglobin in enhancing the capacitive performance of the
device. The areal capacitance increased by adding more
brGO and Mb layers, achieving the maximum areal and
gravimetric capacitance after five layers (brGO-Mb-brGO-
Mb-brGO) with 1526 pF cm™ and 306 F g™, respectively.
A similar film was prepared by replacing the bGO with GO
for the LbL assembly with Mb followed by electrochemical
reduction to form rGO-Mb-rGO-Mb-rGO electrode, abbre-
viated as (rGO/Mb), resulting in a gravimetric capacitance
of 239 F g™', which is 22% less than the brGO/Mb electrode.
The significant capacitance contribution of cBSA is possibly
due to its high charged amino acid content with 198 proto-
natable sites per molecule, scoring the second highest Z/M
ratio (0.003) of the studied proteins after Mb. These results
show the capacitive contribution of the proteins (cBSA and
Mb) in enhancing overall capacitive behavior. Based on
these results, electrodes of three brGO layers alternated with
two Mb layers achieved the maximum capacitance and were
used for subsequent device fabrication.

[0119] A prototype implantable bEC was assembled from
two brGO/Mb/brGO/Mb/brGO electrodes bound to a flex-
ible thin gold foil with a thickness of 42+8 nm, obtained
after etching away a plastic protective layer of a gold CD. To
get a neat and ultrathin EC, a layer of polyvinyl acetate gel
saturated with electrolyte was loaded onto the electrodes to
serve as both the separator and electrolyte with an average
separator thickness of 992 nm. This simplified the process-
ing of the electrodes into paper-like flexible bECs. The total
thickness of the device was 1.14 pm, providing a thin,
lightweight power source for implantable devices.

[0120] The packageless brGO/Mb bEC effectively utilized
different biofluids in the surrounding medium as electro-
lytes, including calf serum, cell culture media, and human
urine. For comparison, the brGO/Mb bEC in 0.1 m sulfuric
acid, a typical standard electrolyte, was also tested. It is
important for ECs with high energy density to be charac-
terized at high scan rates, especially when used as a power
source for implantable bioelectronics. This enables the fast
charging of the current received from the nanogenerator and
the fast discharging of the electrical signal to the implantable
devices by the bEC. Therefore, the bEC device capacitive
performance at moderate-to-high current density and high
scan rate ranges was presented. Results show nearly rect-
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angular CV shapes even at high scan rates of 1000 mV s™°,
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indicating nearly ideal capacitive behavior. The maximum
volumetric capacitance in biofluids (after subtracting the
contribution of current collectors) was 655 F cm™ at scan
rate of 100 mV s™! and 534 F ¢cm™ obtained at a current
density of 2.5 A ¢! in human urine, while the volumetric
capacitance in calf serum was 563 F cm™ at 100 mV s~* and
372F cm™ at 2.5 A g~*. The capacitance may depend on the
availability and type of ions present in these different
electrolytes, illustrated by a 14% drop in capacitance when
changing from human urine to calf serum. The short-term
cycling stability of the packageless bEC turns out to be
excellent with only a 2% drop in capacitance after 5000
cycles in calf serum. This good cycling performance in
biofluids suggests the short-term stability of the packageless
bECs operating in biological environment, while the long-
term stability and toxicity of the device will be further tested
when the device is dipped in living cell culture.

[0121] The excellent performance of brGO/Mb bECs was
also confirmed from charge/discharge cycles. Depending on
the type of electrolyte, the brGO/Mb bEC can provide a high
stack capacitance of 13 to 16 F cm™. This was calculated
based on the volume of the device stack, which includes the
gold current collector, active materials, electrolyte, and
separator. When compared with commercial electric double
layer capacitors (EDLCs), the brGO/Mb can provide 25 to
400 times higher stack capacitance. Not only does the
brGO/Mb device provide higher capacitance, but it also
exhibits excellent rate capability at high current densities up
to 20 A cm™>. This remarkable performance may be attrib-
uted to the microstructure of the electrode featuring brGO/
Mb layered films with different pore sizes due to the protein
interlayers, which may facilitate the ion movement during
charge/discharge process.

[0122] In order to demonstrate the overall performance of
the brGO/Mb bEC, its energy density and power density in
a Ragone plot were calculated. The brGO/Mb bEC displays
ahigh energy density of 1.1 Whkg™" at a high power density
of 116 W kg™, calculated based on the total mass of the
device stack. The same plot was produced using the volume
of the device stack. For comparison, the energy density and
power density were tested of a 300 pF/3 V aluminum
electrolytic capacitor, a 12 pA V3.3 V Li thin film battery,
a 500 pA h/5 V Li thin film battery, and three commercially
available EDLCs designed for small-scale applications. The
brGO/Mb bEC can provide a high energy density of 1.8 mW
h cm™, which is comparable to Li thin film batteries and 3
to 11 times higher than thin film commercial EDLCs. The
brGO/Mb device can also deliver 100 times higher power
density than Li thin film batteries, which is sufficient to drive
all known implantable medical devices. It is worth mention-
ing that a purpose of this design is for ultrathin bECs for
miniaturized implantable devices and therefore a compari-
son with conventional thick film electrodes is irrelevant for
these applications.

[0123] The brGO/Mb system described herein is the first
graphene-protein bEC, and shows superlative characteristics
as a power source for implantable devices. For example,
proteins have been used as a source for carbon electrodes by
graphitization at 800° C. These devices do not feature intact
proteins and have low capacitance. Redox hemin-based
proteins were used to enhance pseudocapacitance on a
nickel foam, but again low specific capacitances were
obtained (e.g., hemoglobin 12 F g™'), possibly due to the
low conductivity of the protein-only films. In addition,
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supercapacitors fabricated from a biofilm of the conductive
bacteria Geobacter sulfurreducens, which is rich in
cytochrome C protein, was reported. Using the live conduc-
tive bacterial biofilms as electrode material resulted in low
specific capacitance, potential loss of conductivity after the
bacteria die, and risks of infection if used in implantable
biomedical devices. On the other hand, previous reports of
DNA based ECs have been tested for their adverse effects on
living cells, and showed moderate-to-no toxicity signs on
cells, but they had at best six times lower gravimetric
capacitance than brGO/Mb bECs.

[0124] Toward developing safe implantable bECs, toxicity
and adverse effects of materials used to fabricate the bEC
electrodes were studied using living mammalian cells. The
toxicity of different concentrations of the as-prepared GO
and bGO/Mb on COS-7 and mouse embryo fibroblast
(MEF) cell lines was evaluated by optical microscopy and
spectrophotometrically by employing WST-8 dye (water-
soluble tetrazolium salt) as a chromogen. WST-8 is a water-
soluble, cell-permeable dye, which gets reduced by the
active intracellular dehydrogenases (IDH) in the cell cyto-
sol. Quantitative reduction of WST-8 by IDH enables accu-
rate quantification of the overall metabolic health of a living
cell.

[0125] The native GO showed significant cell damage
after being co-incubated with COS-7 cells for 8 hata 25 ug
mlL ! dose, resulting in 41% specific cell death as measured
by trypan blue assay, significant cell shrinkage, and cell
cycle arrest, and 60% drop in IDH activity. In contrast, no
sign of cell toxicity was observed for bGO/Mb co-incubated
with COS-7 cells for 48 h at a dose as high as 1600 ug mL™
with no statistically significant change in live/dead cell ratio
or IDH activity compared to control cells. These results
suggest that native GO may cause serious toxic effects and
the metabolic health of live cells and perhaps should not be
used directly in contact with human cells. On the other hand,
bGO/Mb was compatible with cells even at very high
concentrations with little change in toxicity or metabolic
health of cells at doses 160 times higher than those used in
the bECs. Results suggest that bGO/Mb is safe for living
cells, and can be used for fabricating implantable package-
less bECs working in open cell solution or encapsulated
bECs.

[0126] Performance and toxicity of the packageless brGO/
Mb bECs were evaluated in cell cultures of MEF and COS-7
cells in Dulbecco’s modified Eagle medium (DMEM) while
these bECs were subject to continuous cycling test. brGO/
Mb bECs were placed in the culture medium with cells
previously grown in six-well plates. The packageless bEC
was capable of utilizing ions in the cell culture medium for
charging and discharging. CVs at different scan rates
showed nearly rectangular shapes up to 500 mV s~ indi-
cating almost ideal capacitive behavior. The toxicity of the
brGO/Mb bEC was tested by charging and discharging the
packageless device in a MEF and COS-7 cell medium for
5000 cycles at high current density for 3 h. No change in cell
morphology or dead/live cell ratio was found due to the
cycling test, indicating no toxic effects on live cells on short
term as measured by the trypan blue assay. The cell viability
after the charge-discharge regimen was found to be identical
and no significant differences with respect to the control cell
population (p<0.01, paired student’s t-test).

[0127] The brGO/Mb in a packageless platform makes the
bEC devices ultrathin, light weight, and completely flexible.
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However, before using the packageless platform of the bEC
device in any long-term implantable applications, the sta-
bility of the device components has to be evaluated for
long-term use. The long-term stability of the brGO/Mb
electrode was evaluated using QCM after the film was
exposed to 96 h of continuous charge and discharge cycles
in water (50x10~> M NaCl was added to provide ions for the
charge-discharge process) in open cell solution. Results
showed a small decrease in the mass of the film from 5.0 to
4.7 ug em™>, which indicates a stable brGO/Mb electrode.
However, the polyvinyl acetate (PVA) separator of the
packageless sandwich device showed limited stability in
open cell solution, and started to break and diffuse into the
surrounding solution after only 27 h. Thus, polyvinyl acetate
may not be a suitable separator for the long-term cycling of
the packageless bECs in open cell solution.

[0128] Encapsulating the brGO/Mb device in polydimeth-
ylsiloxane (PDMS) was evaluated. The PDMS was chosen
as a packaging material because of its low toxicity, flexibil-
ity, and light weight. bECs showed the same electrochemical
behavior with and without PDMS packaging while main-
taining complete flexibility. Moreover, the PVA separator
remained intact throughout the long-term cycling of the
PDMS-packaged bECs for four continuous days (90,192
cycles) while the bEC was immersed in COS-7 cell culture
medium. Cycling for four days provided enough time for the
cells to make two full cycles of cell division. During the
entire charging-discharging process, the growing cells were
monitored by optical microscopy and no perceptible differ-
ence in the cell multiplication and overall morphology was
found between control and bEC test cells. No perceptible
difference in the overall IDH metabolic activity was found
between control cells and the cells subjected to continuous
charging and discharging for 96 h. Results show that PDMS
device packaging is efficient in maintaining the integrity of
performance with no toxic effects on cells. In addition, the
drop in the areal capacitance after cycling the device for 96
h was only 11%. These results suggest that brGO/Mb
devices could work efficiently as implantable power sources
in packageless platform for short term and for long term in
PDMS-encapsulated design with good stability.

[0129] Since implantable bioelectronics are always sub-
ject to movement inside the patient’s body, brGO/Mb bEC
performance was evaluated at different bending conditions.
The ultrathin brGO/Mb bEC showed excellent tolerance for
bending to different angles with no change in capacitance
even after bending to 180°. However, a slight decrease in
capacitance was observed when the device was subjected to
1000 charge/discharge cycles while bent at 90°. In addition,
the brGO/Mb device showed no loss of performance after
bending to 1,000 bending cycles to an angle of 90°. These
results suggest that the brGO/Mb bECs are robust under
bending stresses in both packaged and packageless designs,
which make these bEC suitable for the different bending
conditions expected for implantable bioelectronics.

[0130] Electrochemical impedance spectroscopy showed
nearly straight lines in the high-frequency region in all tested
electrolytes. The brGO/Mb device showed multiple time
constants behavior with cell time constant of only 1.5 ms in
biofluids at -45°. In addition, the down-turn of the phase
angle at low frequency (less than 1 Hz) is mainly due to the
leakage current/voltage from the packageless devices. Three
packageless bECs made up of the ultrathin brGO/Mb films
were yet capable of efficiently powering a light emitting
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diode utilizing calf serum as the electrolyte. On the other
hand, the rapid performance of the devices may be related to
fast ion movement through thin electrode assemblies, with
myoglobin possibly acting as a nanochannel for fast ion
transport.

[0131] Novel brGO-protein bECs were fabricated with
high volumetric capacitances up to 655 F em™ in biofluids.
Proteins bound to GO sheets played multiple roles in fab-
ricating safe and high-performance bECs. First, proteins
rendered the GO sheets nontoxic to cell-containing environ-
ments, even at high concentrations. Moreover, proteins
provided pseudocapacitive behavior for charge/discharge
through their heteroatom-rich nanostructures and the high
abundance of the protonatable charged amino acid residues.
Finally, protein layers provided nanopores that may act as
nanochannels for shuttling ions in the biofluids to the
conductive graphene interlayers. These devices retained
high energy density comparable to that of Li thin film
batteries while utilizing serum/urine or cell media as elec-
trolytes to power LEDs with little loss of performance, and
no cell toxicity after 5000 cycles in packageless platform
and 90,000 cycles in PDMS-packaged design. Unlike bat-
teries that suffer from relatively slow discharge rates, the
ultrathin brGO/Mb bECs have much faster performance,
making these devices good for the fast discharge of electrical
signals to implanted biomedical devices. With protein as a
major component and utilizing body fluids for electrolyte
function, these devices have the potential to power the
next-generation miniaturized bioelectronics.

DEFINITIONS
[0132] The terms “comprise(s),” “include(s),” “having,”
“has,” “can,” “contain(s),” and variants thereof, as used

herein, are intended to be open-ended transitional phrases,
terms, or words that do not preclude the possibility of
additional acts or structures. The singular forms “a,” “and,”
and “the” include plural references unless the context clearly
dictates otherwise. The present disclosure also contemplates
other embodiments “comprising,” “consisting of,” and “con-
sisting essentially of,” the embodiments or elements pre-
sented herein, whether explicitly set forth or not.

[0133] The conjunctive term “or” includes any and all
combinations of one or more listed elements associated by
the conjunctive term. For example, the phrase “an apparatus
comprising A or B” may refer to an apparatus including A
where B is not present, an apparatus including B where A is
not present, or an apparatus where both A and B are present.
The phrase “at least one of A, B, . . . and N” or “at least one
of A, B, . .. N, or combinations thereof” are defined in the
broadest sense to mean one or more elements selected from
the group comprising A, B, . . . and N, that is to say, any
combination of one or more elements A, B, . . . or N
including any one element alone or in combination with one
or more of the other elements, which may also include, in
combination, additional elements not listed.

[0134] The modifier “about™ used in connection with a
quantity is inclusive of the stated value and has the meaning
dictated by the context (for example, it includes at least the
degree of error associated with the measurement of the
particular quantity). The modifier “about” should also be
considered as disclosing the range defined by the absolute
values of the two endpoints. For example, the expression
“from about 2 to about 4” also discloses the range “from 2
to 4”. The term “about” may refer to plus or minus 10% of
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the indicated number. For example, “about 10%” may
indicate a range of 9% to 11%, and “about 1%” may mean
from 0.9-1.1. Other meanings of “about” may be apparent
from the context. such as rounding off; so, for example
“about 1” may also mean from 0.5 to 1.4.

[0135] For the recitation of numeric ranges herein, each
intervening number there between with the same degree of
precision is explicitly contemplated. For example, for the
range of 6-9, the numbers 7 and 8 are contemplated in
addition to 6 and 9, and for the range 6.0-7.0, the number
6.0, 6.1, 6.2, 63, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, and 7.0 are
explicitly contemplated.

[0136] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art. In case of
conflict, the present document, including definitions, will
control. Preferred methods and materials are described
below, although methods and materials similar or equivalent
to those described herein can be used in practice or testing
of the present invention. All publications, patent applica-
tions, patents and other references mentioned herein are
incorporated by reference in their entirety. The materials,
methods, and examples disclosed herein are illustrative only
and not intended to be limiting.

[0137] Thus, the invention provides, among other things,
a supercapacitor including reduced biophilized graphene
oxide and a protein nanospacer. Various features and advan-
tages of the invention are set forth in the following claims.

What is claimed is:

1. A supercapacitor comprising bilayers of reduced bio-
philized graphene oxide and a protein nanospacer.

2. The supercapacitor of claim 1, wherein the reduced
biophilized graphene oxide comprises a cationized protein.

3. The supercapacitor of claim 1, wherein the protein
nanospacer comprises myoglobin.

4. The supercapacitor of claim 1, wherein the number of
bilayers is three, such that there are two individual layers of
protein nanospacer and three individual layers of reduced
biophilized graphene oxide.

5. The supercapacitor of claim 1 further comprising a
current collector.

6. The supercapacitor of claim 5, wherein the current
collector comprises a gold sheet about 34 nm to about 50 nm
thick.

7. The supercapacitor of claim 1 further comprising an
electrolyte, wherein the electrolyte comprises a biofluid.

8. The supercapacitor of claim 1, wherein the superca-
pacitor shows essentially no cell toxicity at operating con-
centrations.

9. The supercapacitor of claim 1, wherein the superca-
pacitor is less than or equal to about 1.14 um thick.

10. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits a capacitance of at least about 650 F/em® at
a scan rate of about 100 mV/s.

11. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits a capacitance of at least about 530 F/cm® at
a current density of about 2.5 A/g.

12. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits a capacitance of at least about 860 F/en® at
about 25 mV/s.

13. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits a current density of at least about 1.8
mWhicm®.
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14. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits an energy density of at least about 1.1
mWh/g.

15. The supercapacitor of claim 1, wherein the superca-
pacitor exhibits a power density of at least about 13.5 W/g.

16. The supercapacitor of claim 1, wherein the superca-
pacitor is capable of delivering a power density of at least
about 5 mW/em?®.

17. The supercapacitor of claim 1, wherein the superca-
pacitor is capable of a frequency response characterized by
a cell time constant of less than or equal to about 1.5
milliseconds.

18. A method of producing the supercapacitor of claim 1,
the method comprising:

(a) Mixing bovine serum albumin and tetracthylenepen-

tamine into a mixture;

(b) Adding a crosslinking agent to the mixture;

(c) Adding the mixture to graphene oxide;

(d) Providing a current collector having a surface;

(e) Adsorbing poly(diallyldimethyl ammonium) chloride
to the surface of the current collector;

(0 Adsorbing a layer of the graphene oxide mixture
directly or indirectly to the surface of the current
collector;

¢) Adsorbing a protein nanospacer directly or indirectly
to the surface of the current collector;

(h) Optionally repeating steps (f) and (g); and

(1) Reducing a film comprising the graphene oxide mix-
ture layers in step (f) and the protein nanospacers in
step (g).

19. An implantable biomedical device comprising the

supercapacitor of claim 1.

20. The implantable biomedical device of claim 19,
wherein the implantable biomedical device is a pacemaker.

21. The implantable biomedical device of claim 19,
wherein the supercapacitor is capable of powering the
implantable biomedical device for the lifetime of a patient.

22. The implantable biomedical device of claim 19 further
comprising a standalone power source.

23. The implantable biomedical device of claim 22,
wherein the standalone power source comprises a biosupet-
capacitor coupled with an energy harvester.

24. The implantable biomedical device of claim 23,
wherein the energy harvester comprises a triboelectric nano-
generator (TENG), a piezoelectric energy harvester, or a
thermoelectric energy harvester.

25. A portable electronic device powered by the implant-
able biomedical device of claim 23.

26. The portable electronic device of claim 25, wherein
the portable electronic device is a cell phone, a laptop
computer, or a tablet.

27. The supercapacitor of claim 1, wherein the superca-
pacitor has essentially no cell toxicity at a dose of about
1600 pg/mL.

28. The supercapacitor of claim 1, wherein the superca-
pacitor can be charged through wireless charging to power
portable biosensors, implantable deep brain stimulator, or
cardiac pacemaker.

29. A portable biosensor, an implantable deep brain simu-
lator, or a cardiac pacemaker powered by the supercapacitor
of claim 28.
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