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Interfacing Living Yeast Cells with Graphene
Oxide Nanosheathsa
Sung Ho Yang,b Taemin Lee,b Eunyong Seo, Eun Hyea Ko, Insung S. Choi,*
Byeong-Su Kim*
The first example of the encapsulation of living yeast cells with multilayers of GO nanosheets
via LbL self-assembly is reported. The GO nanosheets with opposite charges are alternatively
coated onto the individual yeast cells while preserving the viability of the yeast cells, thus
affording a means of interfacing graphene with living
yeast cells. This approach is expanded by integrating
other organic polymers or inorganic nanoparticles to
the cells by hybridizing the entries with GO nanosheets
through LbL self-assembly. It is demonstrated that
incorporated iron oxide nanoparticles can deliver mag-
netic properties to the biological systems, allowing the
integration of new physical and chemical functions for
living cells with a combination of GO nanosheets.
Introduction

Recent years have witnessed an emerging interest in

biocompatible methods for interfacing biological systems

with artificial materials, which have a great impact on the

areas of single-cell-based sensors, neurons-on-a-chip, and

tissue engineering. Unicellular microorganisms, such as

bacteria, fungi, and algae, have been utilized extensively
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for the encapsulation of whole single cells as well as for

the introduction of nanomaterials onto the living cells.

For example, gold nanoparticles[1] and nanorods[2] were

introduced onto the surface of Gram-positive bacteria by

using specific interactions with the constituents of cell

walls, and their utility for microelectronic devices was

demonstrated. The layer-by-layer (LbL) self-assembly of

polymers also has been used for encapsulating individual

living cells with organic macromolecules.[3–9] In addition,

the surface of microbial cells was doped with various

nanoparticles, such as silica,[10,11] gold,[12] silver, and

iron,[13] and carbon nanotubes[14] by the LbL self-assembly.

Very recently, individual yeast cells were encapsulated

within silica,[15,16] calcium phosphate,[17] calcium carbo-

nate,[18] and polydopamine,[19] inspired by biomineraliza-

tion processes or an adhesive protein found in mussels. On

the other hand, a new strategy to the modification of cell

surfaces by in vivo synthesis of diverse nanoparticles

has been reported for certain types of bacterial cells[20] or

recombinant bacterial cells.[21]

Although various nanoparticles and carbon nanotube

were introduced on cell surfaces, such functional nano-
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materials were utilized as dopants rather than as coating

materials such as biominerals and macromolecules. We,

hence, focused on graphene which has been attracting a

great deal of attention because of its high electrical and

thermal conductivities, mechanical properties, and large

surface area.[22–24] We speculated that graphene could

synergistically work not only for functional materials but

also for coating materials for living cells, with a help of its

sheets-like structure and flexible property.[25] Owing to

these attributes, interfacing living cells with graphene can

be useful for the integration of dynamic cellular physiology

with electrical readouts.[26] Recently, several attemptshave

been made to interface graphene oxide (GO) with

biomaterials: GO has been used for a membrane for DNA

translocation,[27,28] quantitativemeasurement of the activ-

ity of helicase,[29] and a supportive material for cell

culture.[30] Although these recent studies suggested the

high potential of GO for biomaterials and biological

systems, a tight interfacing of GO with whole living cells

via encapsulation has not been attempted until now. In

this paper, we report a simple, yet versatile method for

encapsulating living yeast cells with GO shells.
Experimental Section

Materials

Poly(diallyldimethylammoniumchloride) (PDDA, averageMw: 100

000–200 000, 20wt% in H2O, Aldrich), poly(4-styrene sulfonate)

(PSS, average Mw: �70 000, powder, Aldrich), sodium phosphate

dibasic (99%, Aldrich), and sodium dihydrogen phosphate (99%,

Aldrich), graphite powder (Aldrich, <20mm), iron(III) chloride

hexahydrate (FeCl3 �6H2O,Kanto chemicalCo. Inc.), iron(II) chloride

tetrahydrate (FeCl2 �4H2O, Kanto Chemical Co. Inc.), tetramethy-

lammonium hydroxide [(CH3)4NOH � 5H2O, TMAOH, Aldrich] were

used as received. Ultrapure water (18.2MV � cm) from the Human

Ultrapure System (Human Corp., Korea) was used.
Synthetic Procedures of GO Nanosheets

Negatively charged GO nanosheets (GO-COO–) were synthesized

fromgraphitepowder (Aldrich,<20mm)by themodifiedHummers

method and exfoliated to give a stable suspension of GO (typical

concentration of 0.50mg �mL�1) under ultrasonication for 40min

and then centrifuged at 4000 rpm for 10min to remove any

aggregates remaining in the suspension. Positively charged GO

nanosheets (GO-NHþ
3 ) were prepared by reacting GO-COO– with

excess ethylenediamine under stirring for 5 h in the presence ofN-

ethyl-N0-(3-dimethylaminopropyl)carbodiimide methiodide (EDC,

98%,AlfaAesar).Theresultingsuspensionwasdialyzed (molecular-

weight cutoff 12 000–14 000, SpectraPore) for a few days to

remove any by-products and residuals during functionalization.

The prepared GO suspensions exhibited a fairly good colloidal

stability over a wide span of pH conditions, and the pH of the

suspension was adjusted to 7.4 prior to LbL assembly.
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Synthetic Procedures of Fe3O4 Nanoparticles

Fe3O4 nanoparticles were prepared by the previous report.[31]

A 5.4 g of FeCl3 �6H2O (20mmol), followed by 2.0 g of

FeCl2 �4H2O (10mmol) was dissolved in a fresh solution of 25mL

of 0.40M HCl. This solution was added dropwise to 250mL of 1.5M

NaOHsolutionwithvigorousstirring,which immediately formeda

black precipitate. The precipitate was isolated via magnetic

decantation and washed twice with water, and then twice with

0.1M (CH3)4NOH �5H2O (TMAOH). Particles were separated by

centrifugation (6000 rpm, 10min) and the final precipitate was

dissolved in 250mL of 0.1M TMAOH. The final, black, Fe3O4

nanoparticle solution was stored in air for further use.
Encapsulation with GO Nanosheets

A single colony of yeast cells was picked from a yeast extract/

peptone/dextrose (YPD) brothagar plate, and suspended in theYPD

broth and cultured in a shaking incubator at 30 8C for 30h. The cells

were washed with 0.15M aqueous NaCl solution. The cells were

alternately immersed in the suspensions of GO-NHþ
3 and GO-COO–

for5minforeachstep.TheLbLprocesseswerestartedwithGO-NHþ
3

forachievingelectrostatic interactionswithnegativelychargedcell

surfaces. The cells werewashedwith 0.15M aqueous NaCl solution

after deposition of each step.
Encapsulation with GO Nanosheets, Polymers, and

Fe3O4 Nanoparticles

Yeast@(PDDAþ/GO-COO–) and yeast@(GO-NHþ
3 /PSS

–) was formed

by alternately immersing the native yeast cells in the suspensions

of (PDDAþ/GO-COO–) and (GO-NHþ
3 /PSS

–) for 5min for each step.

Fe3O4-incorporated yeast@GO was generated by alternately

immersing the native yeast cells in the suspensions of GO

nanosheets and Fe3O4 nanoparticles. Finally, it gave the structure

of yeast@(GO-NHþ
3 /GO-COO

–/GO-NHþ
3 /Fe3O

�
4 /GO-NH

þ
3 /Fe3O

�
4 ).
Viability Test

Theviability of yeast cellswasmeasuredby examining the activity

of intracellular esterases and membranes integrity using fluor-

escein diacetate (FDA).[32,33] The stock solution (10mg �mL�1) was

first prepared by dissolving FDA in acetone, because FDA was

poorly soluble in water. The 2mL of the stock solution was mixed

with 1mL of yeast cell suspension (10�2
M phosphate buffer

solution, pH¼6.5). The suspension was incubated for 30min at

37 8C while shaking, and then the cells were collected by

centrifugation, washed with water, and characterized by confocal

microscopy.
Characterization

Zeta-potentialwasmeasuredwithZetasizerNanoZS (Malvern,UK).

The morphologies of the yeast@GO capsules were examined by

transmission electron microscope (JEOL JEM-2100, Japan)

and by field-emission scanning electron microscope (Sirion FEI

XL FEG/ SFEG microscope, FEI Co., the Netherlands) with an

accelerating voltage of 10 kV, after sputter-coating with platinum.
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The cells were observed with an LSM 510 META confocal

microscope (Carl Zeiss, Germany) and IX71 inverted microscope

(Olympus, Japan).
Figure 1. (a) Zeta-potentials and (b) corresponding optical
images of yeast cells alternatively coated with multilayers of
(GO-NHþ

3 /GO-COO–)(n/m) as a function of layer number.
Results and Discussion

Wechose the LbL self-assembly as amethod for introducing

graphene on cell walls, based on our previous reports that

the thin multilayer films of GO and reduced GO were

formed on colloidal particles[34] as well as on the flat

substrates[35,36] by the LbL self-assembly under physiolo-

gically mild conditions (e.g., aqueous solution or near

neutral pH). Negatively charged GO nanosheets (GO-COO–)

were prepared by following the modified Hummers

method,[36] and positively charged one (GO-NHþ
3 ) by

reacting GO-COO– with ethylenediamine. The prepared

GO suspensions exhibited a fairly good colloidal stability

over a wide span of pH conditions, and the pH of the

suspension was adjusted to 7.4 prior to LbL assembly.

The yeast cells were encapsulated individually within

the multilayers of GO-NHþ
3 /GO-COO

– by repeatedly

immersing the cells into the suspensions of GO-NHþ
3 and

GO-COO–, to afford the encapsulated yeast cells [hereafter,

yeast@GO(n/m),n¼numberofGO-NHþ
3 layers;m¼number

of GO-COO� layers] (Scheme 1).

The multilayer deposition was initiated with positively

charged GO-NHþ
3 nanosheet to enhance the electrostatic

interaction because the native yeast cells were known to

present highly negative charge.[15–17] It is obvious that

deposition of oppositely charged GO nanosheet would

change the surface charge of the yeast cells. The surface

charge, therefore, was individually measured with the

progress of the deposition of GO-NHþ
3 and GO-COO–

nanosheets on the yeast cells from the first layer to the

fifth layer (Figure 1a). As a result, the zeta-potential values

of yeast@GO periodically oscillated between positive and

negative values after the deposition of the corresponding
Scheme 1. Encapsulation of yeast cell within GO nanosheets via LbL
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GO nanosheets, respectively. For instance, yeast@GO

showed 9.6� 0.7mV at the first adsorption of GO-NHþ
3

nanosheets,whilenativeyeast exhibiteda zeta-potential of

–25.7� 1.2mV.

These results of alternating surface charges are char-

acteristic of colloidal particle-based LbL assembly, implying

that yeast cells are sequentially coated with oppositely

charged GO nanosheets based on electrostatic interaction.

In addition, the color of suspension of yeast@GO became

darker as the number of deposition cycle increased

(Figure 1b). This observation can be explained by the
self-assembly.
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inherent nature of graphene-relatedmaterials; single layer

of graphene is nearly transparent to the visible light but

stacks or suspension of graphene are dark brown. For

example, the transmittance of GO multilayered thin films

formed on glass substrates by LbL self-assembly decreased

gradually with increasing number of layer of GO

nanosheets, as demonstrated in our previous report.[35]

Takentogether,we foundthatwecouldsuccessfully control

the deposition of GOnanosheets onto the biological surface

by taking advantages of the LbL self-assembly in nanoscale

surface engineering.

On the basis of the stable deposition of GO multilayers

onto the native yeast cells, the morphology of native yeast

and yeast@GO was investigated by means of scanning

electron microscopy (SEM, Figure 2a,b). The SEM micro-

graphs clearly confirmed the single-cell encapsulation of

yeast cells within GO nanosheets. Interestingly, yeast@GO

preserved the original round shape of yeast, whereas the

native yeast became highly shrunk due to dehydration
Figure 2. (a,b) SEM micrographs and (c,d) TEM micrographs, and
(e,f) confocal fluorescence microscope images of (a,e) native yeast
and (b,c,d,f) yeast@GO(3/2). Insets in (a) and (b) show the surface
morphologies of each yeast cell. The scale bar in inset: 100 nm.
The yeast cells are observed in aqueous suspensions, after stain-
ing with FDA for viability tests.
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during the sample preparation. High-magnification SEM

further provides the characteristic wrinkled surface of GO

nanosheet,which reflects a flexible nature ofGOnanosheet

that can be beneficial to cover the biological surfaces in

a conformable manner. The crumpled structure of GO

nanosheets was similarly observed on the polystyrene

colloids decoratedwithGOsheets, but the creasewasnot as

pronounced as that on yeast cells.[34] This difference is

mainlyattributed to thedehydrationeffect; collapsed inner

cell structure upon dehydration resulted inmore crumpled

GO nanosheet structures, but polystyrene colloids did not

suffer from dehydration after the assembly. Transmission

electron microscopy (TEM) images also clearly confirmed

GO shells and displayed the characteristic surface of GO on

top of yeast cell (Figure 2c,d). In addition, yeast@GO in an

aqueous suspension was further observed with confocal

microscopy (see Supporting Information). Confocal micro-

graphs confirmed that yeast cells are individually encap-

sulated andmaintained their original shapes even after GO

encapsulation.

Addressing the biocompatibility of artificial materials or

modification protocols would be an essential prerequisite

for utilization of the materials or protocols applicable for

biological systems of interests. Although GO has been

successfully utilized as a supportive material for culturing

fibroblast cells,[29] biocompatibility of GO introduced onto

whole living cells has not been investigated to date. We,

therefore, investigated the viability of yeast@GO by using

FDA, which examined the activity of intracellular esterases

and emitted green fluorescence by reactive oxygen species;

yeast cells in green were considered alive, and the others

were considered dead.[16,18,19] Viability test indicated that

the GO nanosheet encapsulation was compatible with

living yeast cells as shown in Figure 2. Moreover, the

permeability toFDAimplied thatGOmultilayer shellwould

bepermeable to smallmolecules suchaswater ornutrients.

This is an interesting feature of GO compared to pristine

graphene that is not permeable to other nutrients in its

pristine condition. By referencing the viability of the native

yeast as 100%, we determined the viability of yeast@GO

was around 67% based on counting more than 200 yeast

cells. Thedecreased viability could be explainedbyphysical

stress introduced during the LbL assembly such as

centrifugation and vortex cycles and/or chemical stress

from highly charged GO nanosheets in the solution. This

was in accordance with our previous works on the silica[15]

and polydopamine[19] encapsulated yeast cells which

indicated that the initial viability was about 70% after

encapsulation processes. We believe that the observed

viability would be relatively high enough for the use of GO

nanosheet as an encapsulation material. In addition to the

FDA-based viability assay, we also conducted another

fluorescent dye-based assay using resarufin (Promega

Biosciences, Inc), which indicated a similar degree of cell
012, 12, 61–66
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Figure 4. (a) SEM micrographs and (b) optical images of Fe3O4-
incorporated yeast@GO. Inset figures in (a) show the surface
morphologies of each yeast cell. The scale bar in the inset is
100 nm. Fe3O4-incorporated yeast@GO is randomly distributed in
the suspension (left). In contrast, cells are concentrated around a
magnet by magnetic interactions (right).
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viability (see Supporting Information). Furthermore, we

treated the yeast@GO with rhodamine dye, which can

selectively adsorb on the graphene nanosheets via p-p
interactions. The rhodamine-adsorbed yeast@GO showed

the bright red fluorescence from rhodamine bound on the

periphery of GO nanosheet, while the green fluorescence

from FDAwas also arising from the viable yeast cell within

the capsule (see Supporting Information). This observation

confirmed the successful integration of graphene nano-

sheath around the living yeast cell. Moreover, the

integrated graphene nanosheath will provide potentials

of introducing hydrophobic aromatic drugs and/or DNA for

selective drugandgenedelivery of graphenenanosheath to

the encapsulated cells.

Finally, in order to demonstrate the versatility of our LbL

approach toward the encapsulation of living cells, we have

expanded the toolbox to other organic polyelectrolytes and

nanoparticles for encapsulation of yeast cell. Organic

polymers and inorganic nanoparticles can bring various

new functionalities to the cell membranes, including

fluorescent and magnetic property, catalytic moieties,

and supporting templates.[11–19] For that, we have

attempted to assemble multilayers on the yeast cells with

a combination of GO nanosheets with two most common

strong polyelectrolytes such as PDDAþ, and PSS–. According

to the same protocol, the yeast cells were encapsulated

based on the electrostatic interactions between oppositely

charged GO nanosheets and organic polyelectrolytes in a

format of yeast@(PDDAþ/GO-COO–) and yeast@(GO-NHþ
3 /

PSS–), respectively. The SEM micrographs confirmed that
Figure 3. (a,b) SEM micrographs and (c,d) confocal fluorescence
microscope images of (a,c) yeast@PDDAþ/GO–

(5/5), and (b,d)
yeast@GOþ/PSS–

(5/4). Inset figures in (a) and (b) show the surface
morphologies of each yeast cell. The scale bare in inset: 100 nm.
The yeast cells are observed in aqueous suspensions, after stain-
ing with FDA for viability tests.
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the yeast cells were individually encapsulated within

multilayers composed of GO nanosheets and polymers

(Figure 3a,b). Thehigh-magnification images also displayed

the crumpled nature of GO nanosheets, as similarly

observed with yeast@GO. Green fluorescence in yeast cell

stained by FDA indicated that the hybridizedmultilayers of

GO nanosheets with polymers are biocompatible for

encapsulating microbial cells (Figure 3c,d). In addition,

we introduced magnetism to the yeast cells by incorporat-

ing negatively charged Fe3O4 nanoparticles in GO

nanosheets as one component during the LbL assembly,

in a format of yeast@(GO-NHþ
3 /GO-COO

–/GO-NHþ
3 /Fe3O

�
4 /

GO-NHþ
3 /Fe3O

�
4 ). SEM micrographs confirmed that Fe3O4

nanoparticles were successfully incorporated within GO

nanosheets (Figure 4a). Furthermore, we found that the

Fe3O4-incorporated yeast@GO was driven by a magnetic

force and we could concentrate the cells around a magnet

(Figure4b).Weexpect that incorporationofmagnetisminto

cells would be beneficial for collecting and identifying

living cells.[37,38] Collectively, these demonstrations imply

that the GO multilayers can be utilized as scaffolds for

introducing advantageous physical and chemical functions

for living cells.
Conclusion

In summary, we formed a nanosheath of GO on individual

yeast cells by selectively depositing GO nanosheets via LbL

self-assembly. This study elucidated that GO is biocompa-

tible to the yeast cells and LbL self-assembly would be

highlysuitable for introducinggrapheneandrelatedcarbon

nanomaterials to the biological systems in a controllable

waywithout significantly sacrificing the viability. The field

of interfacing individual living cells with nanomaterials

is still in its infancy, but we anticipate that the results

presented in this study would provide a basis for the

application of biological systems to achieve biosensors,

biomedical devices, and tissue engineering, by taking
012, 12, 61–66

H & Co. KGaA, Weinheim
65



66

www.mbs-journal.de

S. H. Yang, T. Lee, E. Seo, E. H. Ko, I. S. Choi, B.-S. Kim
advantageof extraordinaryphysicalpropertiesofgraphene

together with the versatility of LbL self-assembly.
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