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ABSTRACT: A DNA reaction network is like a biological
algorithm that can respond to “molecular input signals”, such as @
biological molecules, while the artificial cell is like a microrobot il
whose function is powered by the encapsulated DNA reaction
network. In this work, we describe the feasibility of using a DNA
reaction network as the computational core of a protocell, which
will perform an artificial immune response in a concise way to
eliminate a mimicked pathogenic challenge. Such a DNA reaction
network (RN)-powered protocell can realize the connection of
logical computation and biological recognition due to the natural
programmability and biological properties of DNA. Thus, the
biological input molecules can be easily involved in the molecular computation and the computation process can be spatially
isolated and protected by artificial bilayer membrane. We believe the strategy proposed in the current paper, i.e., using DNA RN
to power artificial cells, will lay the groundwork for understanding the basic design principles of DNA algorithm-based
nanodevices which will, in turn, inspire the construction of artificial cells, or protocells, that will find a place in future biomedical
research.

Protocell

B INTRODUCTION containing artificial RNs for logical computation has never been
attempted.

Benefiting from the specificity and predictability of Watson—
Crick base pairing and mature chemical synthesis, DNA
molecules are regarded as natural building blocks and versatile
biomaterials for nanoscale engineering.'” With the develop-
ment of DNA nanotechnology, dynamic DNA RNs have been
designed with numerous robust functions and used to run some
fundamental algorithms,"®"? demonstrating the feasibility of
linking biomolecules to algorithm-based nanostructures.

Protocells, as the most simplified prototype of artificial cell,
have previously been exploited to mimic some basic cellular
behaviors, such as selective membrane permeability, DNA-
directed protein translation,"* cell—cell communication,
cellular ingestion and cell division.”™* Such kinds of protocells,
though powerful as research tools of basic cellular properties,
sometimes are not very “smart” from the perspective of
bioengineering. In nature, a series of temporospatially ordered

chemical reactions, also known as reaction networks (RNs), Although no man-made chemical RN, including DNA RNs,
combine to regulate different biofunctions that guarantee the have been able to match electronic circuitry such as that found
survival of all organisms.9 These intricate and sophisticated in silicon chips, DNA RNs running in biological environments
natural RNs transmit information and respond to external can directly interact with biological targets, such as other DNA
stimuli in a way that ensures organismal homeostasis."’ strands,”® macrobiomolecules,”" or even small organisms,”” in a
Accordingly, it is both challenging and attractive to engineer natural way. However, DNA RN thus far reported are typically
protocells encapsulating an artificial RN as computational core run in huge containers like tubes, along one- or two-
which is able to perform a programmed function."'~™"* To date,

however, studies of a protocell still mainly focuses on properties Received: March 6, 2018

of bilayers®'* or on-membrane structures,'>'® while protocells Published: May 10, 2018
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dimensional tracks or have to be delivered into/onto cells for
amplified detection or signal transduction.”””>* Some of these
diffusible DNA RNs, though compartmentalized in a
comparatively stable environment, may still be easily disturbed
by other macromolecules or inactivated due to the extremely
diluted concentration when working in complex electrolyte-rich
environments like body fluid*® We previously designed a
cascade RN using DNA and enzymes, as simplified artificial
analogues, to mimic the activation and de7ployment of the
vertebrate adaptive immune response (AIS)*” at its most basic
level. This network, termed “artificial immune response
simulator” (AIRS), has been proven to work effectively in a
test tube against a pathogenic DNA sequence taken from the
genome of severe acute respiratory syndrome coronavirus
(SARS coronavirus, or SARS-CoV), which has a lipid-
containing envelope. It should be noted that SARS-CoV
attaches to the host cell through binding between the receptor
binding domain (RBD) in the S1 subunit of S (Spike) protein
to the cellular receptor angiotensin—converting enzyme 2
(ACE2)*® and enters the cell via endocytosis.”””° Herein, by
building AIRS inside of a protocell, we further built a cell-like
robot whose biofunctions are programmed by encapsulated
DNA logic RN, thereby making AIRS the actual computational
core of the protocell (Figure la). Such a DNA RN-powered
protocell can realize the connection of molecule-dependent
logical computation and biological recognition due to the
natural programmability and biological properties of DNA, so
biological input molecules can be easily involved in the
molecular computation. Since our DNA RN is spatially isolated
and protected by artificial bilayer membrane, a locally high
concentration of computing molecules is permitted and a
relatively reliable molecular computation process is allowed,
just like the functions of membranaceous structures of cells and
organelles.

By constructing an artificial pathogen, mimicked host
immune response can happen in a way defined by AIRS but
within an artificially constructed intracellular microenvironment
(Figure 1b) to eliminate the artificial exogenous pathogenic
challenge. Delivery of a small amount of pathogen DNA into
the protocell triggers the first step of built-in AIRS: recognition
and tolerance. As long as the amount of pathogen DNA is
below the threshold of immune tolerance, the system is
inactive. However, in the presence of excessive pathogen DNA,
rolling circle amplification (RCA)-based’"*” artificial immune
response is activated, involving the production of antibody
mimicry, immunological memory, and the destruction of the
foreign DNA (see Figure 1c). To the best of our knowledge,
this is the first experiment of its kind in which a DNA logic RN
has been built as the computational core of a protocell for
programmable biomimicry.

B EXPERIMENTAL SECTION

Computational Simulation Using Visual DSD. The DNA
networks of steps 1 and 2 in AIRS were first validated using visual
DSD, an open access software which allows design and analysis of
DNA strand displacement reactions.* All the simulations were run in
detail mode. Programs used in visual DSD and simulation results are
shown in Figures S1—S3.

DNA Synthesis. DNA synthesis reagents were purchased from
Glen Research (Sterling, VA). DNA sequences were synthesized on an
ABI 3400 DNA synthesizer. The synthesis protocol was set up
according to the requirements specified by the reagents’ manufac-
turers. Following on-machine synthesis, the DNA products were
deprotected and cleaved from CPG by incubating with 2 mL of AMA
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Figure 1. Schematic figure of protocells with built-in DNA RN-based
computational core. (a) The artificial pathogen consists of a bilayer-
membrane structure, loaded pathogen DNA and cholesterol-modified
dsDNA inserted on the membrane. The protocell consists of a bilayer-
membrane structure, encapsulated AIRS, and cholesterol-modified
dsDNA on the membrane. (b) Cartoon figures that illustrate the
infection mimicry between artificial pathogen and protocell, followed
by triggered AIRS inside of a protocell to eliminate the infected
pathogen DNA as the result of DNA RN-based computation. (c)
Working principle of the DNA computational core (AIRS) built inside
the protocell. Step 1: recognition and tolerance. Step 2: immune
response. Step 3: killing and memory. Abbreviations used in this paper
are listed in Table S2.

(ammonium hydroxide/methylamine 50:50) for 17 h at 40 °C in
water bath. The cleaved DNA product was transferred to a 15 mL
centrifuge tube and mixed with 200 L of 3.0 M NaCl and 5.0 mL of
ethanol, after which the sample was placed into a freezer at —20 °C for
ethanol precipitation. Afterward, the DNA product was spun at 4000
rpm at 3 °C for 20 min. The supernatant was removed, and the
precipitated DNA product was dissolved in 400 uL of 02 M
triethylamine acetate (TEAA, Glen Research Corp.) for HPLC
purification. HPLC purification was performed with a cleaned Alltech
C18 column on a Varian Prostar HPLC. An aqueous solution of 0.1 M
triethylamine acetate (pH 6.5) was used as HPLC buffer A, and
HPLC-grade acetonitrile from Oceanpak (Sweden) was used as HPLC
buffer B. The collected DNA product was dried, and detritylation was
processed by dissolving and incubating in 200 uL of 80% acetic acid
for 20 min. The detritylated DNA product was mixed with 400 uL of
ethanol and vacuum-dried. The DNA products were quantified and
stored in DNA water for subsequent experiments. The detailed
sequence information is described in Table S1.

DNA RN Purification. Native PAGE was applied to purify AM and
BM (BM-FQ) duplex strands to remove excess strands and avoid
undesired system leakage caused by sequence defects. The ssDNA
components of AM and BM (BM-FQ) were annealed at
concentrations of around 50 M in 1X TAE/MgZ* buffer (40 mM
Tris-acetic acid, 1 mM EDTA, and 12.5 mM magnesium acetate, pH
8.0). Native PAGE gels (12%) in 1X TAE/Mg*" buffer were run at
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120 V for 60 min at 4 °C and stained with Stainsall stain solution
(Sigma-Aldrich). Only the sharp bands were cut from the gels,
chopped into small pieces, and soaked in 1X TAE/Mg** buffer for 24
h. After extracting most of the DNA from the gel pieces, the solutions
were extracted and concentrated with centrifugal filter devices
(Millipore, Billerica, MA). Finally, the DNA duplex sequences were
quantified by UV spectrometry and kept in buffer for future use. The
extinction coefficients for double-stranded complexes were calculated
using the following equation:

& = e(top strand) + &(bottom strand) — 3200N,; — 2000N;¢

where Nyt and N are the numbers of AT pairs and GC pairs in the
double-stranded domain, respectively.'”**

Preparation of DNA Circular Template. A 200 uL sample of 10
UM CT (with a phosphate group on its 5’ end) and 20 uM ALI-T (with
an inverted T base on the 3’ end) were annealed in 1X T4 DNA ligase
reaction buffer containing 50 mM Tris-HCI, 10 mM MgCl,, 1 mM
ATP, 10 mM DTT, and pH 7.5. Afterward, 10 uL of T4 DNA ligase
was mixed with the solution. The mixture was incubated at room
temperature overnight. Then, 200 U of Exonuclease I and 2000 U of
Exonuclease III (New England Biotech) were added to the mixture
and incubated at 37 °C for 1 h. The enzyme was denatured by heating
the solution to 90 °C for 20 min. Afterward, the CT product was
purified by denatured PAGE and HPLC and then desalted with NAP-5
columns. Finally, ligated CT was quantified by UV spectrometry and
kept in buffer for future use.

Electrophoresis Analysis of the System. A 10 uL system with
purified AM (500 nM), BM (500 nM), CT (50 nM), Phi29 (0.5 U
uL™") and ANTP (250 M) was chosen for this experiment. For the
pathogen-digestion experiment, the concentration of restriction
enzyme Sspl was set at 2 U uL™". The gel was run at 4 °C for 1 h
at 120 V. Twelve % SDS-polyacrylamide gel with 6 M urea was used to
analyze the protocells. A 100 L sample of protocells was dried under
reduced pressure and redissolved with 10 uL of 1X TBE buffer (90
mM Tris-borate, 2 mM EDTA) with 1% SDS. Samples were
supplemented with 2 yL of 5X DNA ladder and 10 uL of saturated
urea solution before loading into each well. TBE buffer (1x TBE) with
1%o SDS was used as electrophoresis running buffer, and the gel was
run at 110 V for 1 h. The buffer temperature was controlled to
maintain the samples at 4 °C throughout the run. The gel was then
stained with SYBR Gold nucleic acid gel stain (Sigma-Aldrich) stain
solution and imaged by a Typhoon gel reader.

Validation of Signal Transduction in Each Step and the
Entire System by Fluorescence. When the reaction priority
between steps 1 and 2 was tested, purified AM (60 nM) and BM/
BM-FQ (100 nM) were mixed in 1X TAE/Mg*" buffer to a total
volume of 100 uL, and the fluorescence was monitored for different
concentrations of strand P. When generated antibody mimicry was
tested by fluorescence, purified AM (100 nM), BM (100 nM), CT (50
nM), and antibody-MB (500 nM) were incubated in 1X Phi 29 DNA
polymerase buffer. The fluorescence kinetics was monitored at
different time points after adding different amounts of strand P. All
fluorescence measurements were performed on a Fluoromax-4
spectrofluorometer from Horiba with temperature controller, using a
quartz fluorescence cell with an optical path length of 1.0 cm. For
spectrofluorimetry studies, the excitation was recorded at 488 nm with
recording emission range of 500—600 nm. For fluorescence kinetics
studies, the excitation was recorded at 488 nm, and the emission was
recorded at 520 nm. Unless otherwise specified, all excitation and
emission bandwidths were set at S nm. Prior to each experiment, all
cuvettes were washed with 70% ethanol and distilled water.

Preparation of Artificial Pathogen and Protocell. DOPC,
DOPG, EDOPC, and cholesterol were purchased from Avanti Lipids
Inc. (Alabaster, AL, USA). Artificial pathogens and protocells were
prepared by the hydration and extrusion method.®® For the
preparation of artificial pathogens, stock chloroform solutions of
DOPC and EDOPC were mixed in a glass trial bottle to a final molar
ratio of DOPC/EDOPC = 9:1. The mixture was dried to a thin lipid
film under a stream of nitrogen and further dried under reduced
pressure for another S h to remove traces of solvent. The dry lipid film
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was hydrated by the addition of 2 M of pathogen DNA in phi 29
polymerase buffer solution and vortexed for S s, resulting in the
formation of a small vesicle dispersion. The dispersion was incubated
for at least 1 h at room temperature to stabilize the vesicles and then
extruded through a 200 nm polycarbonate membrane (Whatman) to
homogenize vesicles. Then, 500 nM of SP in Phi 29 DNA polymerase
buffer solution was added to the dispersion. The mixture was
incubated for more than 1 h at room temperature to allow nearly all
the cholesterol-modified DNA to assemble onto the vesicle surface.
Unloaded DNA was removed by cl-2b column. For protocells, stock
chloroform solutions of DOPC and DOPG were mixed in a glass trial
bottle to a final molar ratio of DOPC/DOPG = 1:4. The mixture was
dried to a thin lipid film under a stream of nitrogen and further dried
under reduced pressure for another S h to remove traces of solvent.
The dry lipid film was hydrated by a solution of 60 nM AM, 100 nM
BM, 50 nM CT, 250 uM dNTP, 0.5 U/uL Phi 29 DNA polymerase,
and 2 U/uL Ssp I endonuclease in Phi 29 DNA polymerase reaction
buffer and vortexed for S s, resulting in the formation of a vesicle
dispersion. The dispersion was incubated for at least 1 h at room
temperature to stabilize the vesicles and then extruded through a 2 ym
polycarbonate membrane (Whatman) to homogenize vesicles. Then,
500 nM of SC in Phi 29 DNA polymerase buffer solution were added
to the dispersion. The mixture was incubated for more than 1 h at
room temperature to allow nearly all the cholesterol-modified DNA to
assemble onto the vesicle surface. Unloaded DNA was removed by cl-
2b column. The derived count rate acquired from Malvern Zetasizer
was used for relative quantification of artificial pathogens and
protocells.*>*’

Pathogen Infection Mimicry and Confocal Imaging of
Protocell. Pathogen infection mimicry was achieved by mixing
different volumes of artificial pathogens with protocells in a tube. After
incubation for several hours at room temperature, 200 yL of infected
protocells were subjected to confocal microscopy imaging using a X81
laser confocal microscope (Olympus) in sequencing scan mode.

TEM Imaging of Artificial Pathogen. A negative-staining
method was used for TEM imaging of artificial pathogen. First, a
carbon-coated copper grid was electrostatically discharged and then
put face down on the artificial pathogen stock solution for about 1
min. Then, the copper grid was moved face downward onto the
negative-staining solution (2% uranyl acetate water solution (w/v)) for
another 3—5 min. Then the sample was placed face up onto a piece of
filter paper and dried at room temperature. Afterward, the sample was
inserted into the F-2010 transmission electron microscope and imaged
at a working voltage of 100 kV. The size of artificial pathogen
evaluated by TEM imaging was slightly smaller compared with DLS
results because the membrane had shrunk during the drying process,
which is normal for vesicle structures.

B RESULTS AND DISCUSSION

This molecular computing process in a protocell begins with a
pathogenic infection mimicked by DNA migration and
electrostatic interaction-mediated membrane fusion between
artificial pathogen and protocell. As noted above, with the help
of the receptor-binding domain (RBD), a small fragment in the
S1 domain of spike (S) protein, previous studies have
demonstrated that SARS-CoV can infect the target cell through
endocytosis after initial attachment.*® Since the sequence of
pathogen DNA used in this work was also taken from the
genome of SARS-CoV, we chose a simplified receptor-mediated
membrane fusion as our artificial infection model by
constructing artificial pathogen with lipid bilayer as we will
see in this paper. Once invading the protocell, a piece of
pathogen DNA is involved into the computational core and
triggers the built-in AIRS, ending with its enzymatic, ie.,
phagocytic, digestion.

Step-by-Step Working Principle of DNA Computa-
tional Core in Protocell. The triggered AIRS for protocell
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after pathogen invasion is shown in Figure 1b,c with three
steps, including recognition and tolerance, immune response,
and killing and memory. For a comprehensive description, a
step-by-step working principle of AIRS follows.

Step 1. As soon as a small amount of pathogen DNA (P) is
delivered inside the protocell, as noted above, antigen-
presenting cell mimicry (AM) first recognizes pathogen DNA
and labels it as pathogen with label (PL, Label strand). In this
case, only step 1 is activated because the amount of pathogen
DNA does not exceed the level of immune tolerance. This
event is followed by the release of T cell mimicry (TM) which
will act as a catalyst as we will see in step 2. All these operations,
as well as most operations in the following two steps, are
controlled by toehold-mediated strand displacement reactions
to guarantee the highly efficient and temporospatially ordered
information transfer of AIRS.

Step 2. In AIS, once invaded pathogen has crossed the
boundary of immune tolerance, both humoral and cell-
mediated immune responses are called to action. Helper T
cells (Th) produce chemicals that trigger B cells to develop into
plasma cells, while others stimulate killer T cells to target and
kill cells that become infected. Plasma cells are antibody-
manufacturing cells derived from B lymphocytes, following
their activation by an antigen. These B cells express B cell
receptors (BCRs) on their cell membranes. BCRs allow the B
cell to bind a specific antigen, against which it will initiate an
antibody response. In AIRS, these operations are controlled in
concise and effective ways. First, as noted in step 1 above, TM
is released and acts as a catalyst (Figure 2a) that increases the
rate of immune response against excessive pathogen DNA, thus
activating B-cell mimicry (BM) which results in the release of
an antibody initiator strand (AI). When pathogen DNA reacts
with BM in this step, they are also labeled as PL. Second, the
generated antibody mimicry (RCA product of a circular
template (CT)) is a concatemer containing tens to hundreds
of tandem repeats that are designed to be complementary to
pathogen DNA to efficiently follow pathogen DNA capture.

Step 3. In contrast to the specific binding between antibody
and antigen in antibody-mediated immune response, antibody
mimicry in AIRS captures both free and labeled pathogen DNA
(both P and PL) via hybridization. The antibody mimicry-
pathogen DNA complex is cut into pieces by Sspl, a restriction
enzyme that cuts DNA at a specified site. Activated TM is not
consumed and remains in the system once it is released in step
1. Consequently, succeeding pathogen DNAs will not need to
be recognized in the first step and can directly trigger the
immune response in steps 2 and 3. This is considered the
memory property of AIRS, mimicking, as noted above, what is
known as immunological memory in the AIS.

Step-by-Step Construction of DNA Computational
Core. Steps 1 and 2 in AIRS are totally DNA strand-
displacement-based RNs so that Visual DSD software® was
implemented to validate the function of each step in silico,
which showed the reliability of our system because each step
was simulated to perform as accurately as the design (Figures
S1—S3). These two steps were first constructed in buffer
solution. In order to monitor steps 1 and 2, we modified the
BM complex to BM-FQ by adding a quencher (dabcyl) and a
fluorophore (FITC) (Figure 2b). In the initial state, the
fluorophore is quenched as a result of hybridization. When a
small amount of pathogen DNA triggers step 1, AM functions
as a threshold gate, and no fluorescence is observed, as shown
in Figure 2d,e. However, upon the introduction of excessive
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Figure 2. Fluorescence signal was used to monitor the operating status
of AIRS. (a) TM-catalyzed DNA strand displacement reaction. (b)
Fluorescence scheme of steps 1 and 2 of AIRS. In order to give a
fluorescence signal when steps 1 and 2 are triggered, an FITC-
modified strand AI-F (green) was used instead of strand Al Dabcyl
was modified on the 5’-end of strand L (orange), as shown in the BM-
FQ complex. Once excessive pathogen DNA triggers step 2, strand Al-
F is released from the BM-FQ complex, giving a recovery signal. (c)
Design of Antibody-MB to probe antibody mimicry. Loop domain of
Antibody-MB is designed to be complementary with generated
antibody mimicry. Consequently, Antibody-MB is opened by
generated antibody mimicry through RCA to give a fluorescence
signal. (d) Fluorescence kinetics with addition of different amounts of
pathogen DNA. Time point 1: No pathogen DNA. Time point 2:
addition of 20 nM pathogen DNA. Only step 1 was triggered. Time
point 3: addition of 20 nM pathogen DNA; 40 nM of pathogen DNA
in total. Only step 1 was triggered. Time point 4: addition of 140 nM
of pathogen DNA; 180 nM of pathogen DNA in total. Increasing
fluorescence intensity indicates that both step 1 and step 2 were
triggered. Dashed line: Visual DSD simulation result. (e) Plot of DNA-
dependent fluorescence response vs concentration of pathogen. Error
bars show the standard deviations of measurements taken from three
independent experiments.

pathogen DNA, step 2 is triggered, and fluorophore-modified
Al is replaced by pathogen DNA, leading to fluorescence
recovery (Figure 2d,e). This process was also simulated using
Visual DSD software and the simulation result matched
petfectly with the experimental result (Figure 2d, dashed
line). Electrophoresis results of step 1 and 2 are shown in
Figure S4. The catalytic function of TM was illuminated by
visual DSD simulation as well and then validated by
experimentally monitoring released Al (Figure SS). Steps 2
and 3 were then confirmed with electrophoresis. Figure S6
shows that released AI hybridizes with a predesigned circular
template and triggers RCA in the presence of ®29 DNA
polymerase, an enzyme from the bacteriophage ®29. In the
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artificial system, the antibody production generated with RCA
captures pathogen DNA via hybridization, and finally, with the
help of endonuclease Sspl, pathogen DNA is cut into small
pieces and loses its pathogenic property (Figure S7), as
designed in Figure 1b.

All three steps were subsequently combined into a single
electrophoresis gel. As shown in Figure S8, compared with
AIRS with no pathogen DNA (lane 6) or small amount of
pathogen DNA (lane $S), only in the presence of pathogen
DNA in an amount that exceeds the defined threshold (lane 4),
all three steps are triggered. Antibody mimicry is generated and
hybridizes with Pathogen DNA, followed by SspI-mediated
digestion. We also designed a molecular beacon (Antibody-
MB) to probe the generated antibody mimicry in real time
(Figure 2c). We chose a domain in antibody mimicry as the
target sequence and used a complementary sequence as the
loop domain of Antibody-MB. Once antibody mimicry is
generated during the active mode of AIRS, Antibody-MB is
opened by hybridizing with the target domain on antibody
mimicry. Real-time detection within 1 h is plotted in Figure
S9a, which shows increasing fluorescence intensity after adding
pathogen DNA. Data with longer reaction times up to 24 h
were also measured and are shown in Figure S9b.

Characterization of Artificial Pathogen and Protocell.
After confirming the reliability of AIRS for our protocell, we
next built the artificial pathogen and protocell (Figures la and
S10). The artificial pathogen consists of (1) a bilayer
membrane structure composed of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-ethyl-
phosphocholine (EDOPC), (2) a cholesterol-modified double-
stranded DNA (dsDNA) inserted on the surface via hydro-
phobic forces between the cholesterol molecule and lipid
monomer as SNARE protein®” mimicry on pathogen (SP), and
(3) aloaded pathogen DNA (a piece of SARS DNA; see Table
S1) (Figure 3a). SNARE protein, an acronym derived from
SNAP (Soluble NSF Attachment Protein) REceptor, plays a
key role in numerous naturally existing membrane fusion events
by generating the driving force needed to overcome repulsive
electrostatic forces between the attached membranes. Here we
used DNA strand migration to mimic the mechanism of
SNARE protein (Figure 3e). The artificial pathogen has a
diameter of less than 200 nm. The negatively stained TEM
image showing the artificial pathogen’s membrane structure is
depicted in Figures 3b and S11.%° Size-distribution, as
determined by DLS, is shown in Figure 3c. The protocell was
composed of (1) a larger bilayer membrane structure (less than
2 um) made of 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DOPG) and DOPC, (2) cholesterol-modified
dsDNA inserted on the surface as SNARE protein mimicry
on cell (SC), and (3) encapsulated AIRS (Figure 3d). Figure 3f
shows a single protocell with SC inserted on the membrane
(FITC labeled SC, marked as SC-F. See the structure shown in
the middle.) By monitoring the fluorescent intensity distribu-
tion across a protocell, distinguishable signal can be confirmed
on the membrane, indicating that cholesterol-modified dsDNA
is effectively inserted on the membrane (Figure 3f bottom).
Lipid-sensitive dye Nile red, which fluoresces only in a
hydrophobic environment, was also used to stain the protocell
(Figure 3¢, top and middle) and directly profile the membrane
structure. Due to the amphiphilic property of the bilayer
structure, red fluorescence only comes from the membrane of a
protocell (Figure 3g, bottom). Figure 3h is the 3D
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Figure 3. Characterization of protocell and artificial pathogen. (a)
Cartoon figure of an artificial pathogen. (b) TEM image of artificial
pathogens. Pathogens are negatively stained with 2% uranyl acetate.
Scale bar: 200 nm. (c) DLS determined size distribution of artificial
pathogens. (d) Cartoon figure of a protocell. (e) Schematic figure of
DNA strand migration as SNARE protein mimicry. (f) Fluorescence
imaging of protocell. FITC-modified dsDNA SC-F was used to stain
the membrane (from top left to top right: FITC channel, bright field
and overlay. Scale bar: 1 gm. Middle: structural profile of a protocell
stained by SC-F. Bottom: fluorescent intensity along the dashed line in
FITC channel). (g) Fluorescence imaging of protocell. Nile red was
used to stain the membrane (from top left to top right: Nile red
channel, bright-field, and overlay. Scale bar: 1 ym. Middle: structural
profile of a protocell stained by Nile red. Bottom: fluorescent intensity
along the dashed line in TAMRA channel). (h) 3D reconstructed
fluorescence imaging of half a single protocell. TAMRA-modified
dsDNA SC-T was used to stain the membrane. Scale bar: 500 nm.

reconstructed fluorescence image of a single protocell, showing
the integral and stable chamber of a protocell.
Encapsulation Efficiency. Payloads were encapsulated in
artificial pathogens and protocells during the hydration step.*'
A DNA model was first used to study encapsulation efficiency
(Figures S12 and S13) of both artificial pathogen and protocell
by encapsulating an FITC-labeled single-stranded DNA
(ssDNA). Fluorescence images and flow cytometry results of
protocell loaded with FITC-modified encapsulation probe EP-F
are shown in Figure 4a—d. As a contrast, TAMRA-modified
dsDNA SC-T was used to stain the membrane of protocell
when performing confocal imaging. Confocal imaging in Figure
4a shows that EP-F was encapsulated into the chamber of a
protocell. By analyzing the spatial distribution of signals in
different channels, it is clear that the green fluorescence of
FITC comes from inside of a protocell while red fluorescence
of TAMRA comes from the membrane (Figure 4b), indicating
effective encapsulation of payloads into protocells as shown in
Figure 4c. The shift in FITC channel of flow cytometry also
indicates the same result (Figure 4d). Rhodamine-attached BSA
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Figure 4. Encapsulation of DNA strands in protocells and artificial
infection mimicry. (a—c) FITC-labeled ssDNA EP-F was loaded into
protocells. TAMRA-modified dsDNA SC-T was used to stain the
membrane of protocell. (a) Fluorescence image of a single protocell.
Scale bar: 1 ym. (b) Fluorescent intensities of red and green channels
along the dashed line in panel a. Intensities in green and red channels
are indicated in corresponding colors. (c) Structural profile of a
protocell imaged in panel a. (d) Flow cytometry results of
encapsulating strand EP-F in protocells. Blue line: protocells
encapsulated with FITC-labeled ssDNA EP-F. Red line: no
encapsulation. (e—g) Membrane fusion-induced FRET. (e) FITC-
labeled dsDNA SC-F and TAMRA-labeled dsDNA SP-T were
individually inserted onto the surfaces of protocells and artificial
pathogens. FRET occurred between FITC and TAMRA as a result of
the strand migration between SC-F and SP-T after artificial infection
mimicry. (f) Fluorescence image of protocells before fusing with
artificial pathogens. Scale bar: 1 pm. (g) Fluorescence image of
protocells fused with artificial pathogens. Scale bar: 1 ym. Only a 488
nm laser was used in this experiment, and both FITC and TAMRA
signals were recorded. (h) Flow cytometry results of membrane fusion
between protocells and artificial pathogens. Left top: No modification
on the protocell membrane. Right top: SC-F was inserted into the
membrane of protocells and gave a shift in FITC channel. Left
bottom: TAMRA-labeled dsDNA SC-T was inserted into the
membrane of protocells. Right bottom: SC-F-modified protocells
were fused and infected by SP-T-modified artificial pathogens. Only a
488 nm laser was used, and both FITC and TAMRA signals were
recorded.

was then used as a protein model to confirm the encapsulation
of protein into protocells due to its similar molecular weight
with @29 (Figure S14). Artificial pathogens and protocells were
then purified by size exclusion chromatography to remove
unloaded DNA or enzymes (Figures S13, S15, and $16).*%
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Infectivity and Pathogen DNA Delivery. Infectivity of
DNA pathogen upon encountering the protocell is driven by
DNA migration and electrostatic interaction between mem-
branes of artificial pathogen and protocell (Figure 3e)."*~*
Strand migration between SP and SC was demonstrated by
electrophoresis (Figure S17ac). dsDNA SL and SS were
generated as the result of the migration reaction. With the help
of double cholesterol modifications, SP and SC could stably
insert into membranes of the artificial pathogen and protocell
via hydrophobic assembly. Once artificial pathogen and
protocell come into contact, their membranes adhere by the
action of complementary toeholds of SP and SC. Then, the
toehold-mediated migration between SP and SC and the
opposite charge between membranes of artificial cell and
protocell generates a force to pull the membranes off and
mediate a fusion. In order to characterize the fused membrane,
TAMRA-modified SP (SP-T) and FITC-modified SC (SC-F)
were used, such that generated SS-FT would give a FRET signal
in the TAMRA channel when excited at 488 nm (Figures 4e
and S17b). This imaging result is shown in Figure 4f,g with
faded green fluorescence in FITC channel and enhanced red
fluorescence in TAMRA channel. The same were also
confirmed by flow cytometry (Figure 4h). The insertion of
SC-F onto protocell surface led to a forward shift in FITC
channel (top left and top right in Figure 4h). After fusion with
SP-T modified artificial pathogen, a back shift in the FITC
channel and a forward shift in the TAMRA channel can be
observed when excited at 488 nm (top right and bottom right
in Figure 4h). The hydrophobic dye molecule Nile red was also
used to monitor the infection process by staining the artificial
pathogen membrane. Upon attachment and fusion of artificial
pathogen, Nile red was transferred into the membranes of
protocells (Figure S18). Collectively, all these results indicated
successful infection mimicry between artificial pathogen and
protocell.

In order to further demonstrate that pathogen DNA had
been delivered into the protocell as the result of pathogen
infection, we next encapsulated EP-F in protocells and dabcyl-
modified complementary strand cEP-Q_in artificial pathogens
(Figure S19a,b). Double-stranded SP and SC with no
fluorophore modification were individually inserted into the
membranes of artificial pathogen and protocells. As shown in
Figure S19d, the protocell gave an obvious shift after being
loaded with EP-F strands, indicating the encapsulation of DNA
strands. After incubating with artificial pathogen containing
cEP-Q, the infected protocells showed only relatively weak
fluorescence intensity, which was regarded as a direct evidence
of pathogen DNA delivery (Figure S19f). In contrast, when
mixing the unencapsulated cEP-Q with EP-F loaded protocells,
no back shift was observed (Figure S19e). The real-time
fluorescence kinetics also indicated the same result (Figure
$19¢).

AIRS in Protocell. In order to ensure that our DNA
computational core would function normally in micrometer-
sized protocells, we first encapsulated all the reagents for AIRS,
including pathogen DNA and Antibody-MB, in protocells. The
mixture was first incubated on ice to prevent the simulator from
activating before encapsulation. As shown in Figure S$20,
enhanced fluorescence intensity in the FITC channel was
observed in flow cytometry peaks, demonstrating that AIRS
works well, even in a cell-sized container.

We then used the artificial pathogen to infect the protocell
through membrane fusion. Real-time monitoring of molecular
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J. Am. Chem. Soc. 2018, 140, 6912-6920


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b01960/suppl_file/ja8b01960_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b01960

Journal of the American Chemical Society

computing process inside a protocell cell was accomplished
through the addition of Antibody-MB to the AIRS mixture and
loading into the protocells (Figure Sa). The generation of
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Figure S. Artificial immune response triggered by pathogen infection
mimicry. (a) Schematic figure of triggered artificial immune response
inside a protocell with a fluorescence signal. (b) Fluorescence kinetics
of protocells after infection by different numbers of artificial
pathogens. Red line: excessive pathogens; orange line: small amount
of pathogen below the threshold defined in step 1; blue line: no
pathogen. (c—e) Confocal imaging of different time points of triggered
AIRS inside a protocell, as determined in real time: (c) 2, (d) 6, and
(e) 10 h. Scale bar: 1 ym. (f) Fluorescent intensities of protocells with
different responding times. Red: protocells activated by excessive
artificial pathogens. Orange: protocells activated by pathogens beyond
the threshold. Blue: protocells with no artificial pathogen challenge.

antibody mimicry was monitored by recording the incremental
fluorescence emission of FITC (Figure Sb). Protocells (blue
line) or protocells infected by small numbers of artificial
pathogens (orange line), showed relatively low fluorescence
intensity when compared with protocells infected with large
numbers of artificial pathogens (red line). Because the
fluorescent intensity is directly corelated with the generation
of antibody mimicry, this result demonstrated the antigen-
presentation and antibody-generation ability of the built-in
AIRS upon challenge by an artificial foreign body. Confocal
fluorescence imaging at different time point (2, 6, and 10 h)
was also performed after infection mimicry to monitor the
generation process of antibody mimicry (Figure Sc—e). Upon
the introduction of an excessive amount of pathogen DNA
delivered to protocells via membrane fusion, the threshold
defined by the computational core was overwhelmed. The
internalized pathogen DNA triggered all three steps of
encapsulated AIRS, and antibody mimicry was generated as a
result of artificial immune response. The antibody mimicry then
hybridized with Antibody-MB and gave a green signal.
Distinguishable fluorescence enhancement was observed by
analyzing each protocell during reaction times, indicating the
continuous production of antibody mimicry. In contrast,
without the addition of artificial pathogen, or in the presence
of a small number of artificial pathogens, the protocells
remained inactive with a very weak fluorescence signal (Figure
5f). Confocal images as well as corresponding fluorescent
intensity distributions are shown in Figure 6a—d with obvious
difference in FITC channel because only protocells infected
with large number of artificial pathogens are activated. A z-axis
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Figure 6. Confocal imaging and electrophoresis results of protocells
with built-in AIRS as computational core in the presence of artificial
pathogenic challenge. (a) Protocell only. Encapsulated AIRS was not
triggered. (b) Protocell infected with a small number of artificial
pathogens. Only step 1 was triggered so that encapsulated antibody-
MB was not opened. (c) Protocell infected with a large number of
artificial pathogens. Encapsulated AIRS was triggered. (d) From left to
right: Fluorescent intensities along the dashed lines in panels a—c.
Intensities in green and red channels are indicated in corresponding
colors. (e) z axis scanning and reconstruction of panel c. Lines on the
xy slice indicate the positions of yz slice and xz slice. (f) SDS-PAGE
image of AIRS in buffer solution and in protocell. FITC-modified
pathogen DNA P—F was used in this gel to give a fluorescence signal.
After recording the fluorescence signal of FITC, gel was then stained
with SYBR Gold Nucleic Acid Gel Stain for one-half hour and imaged
again. Left: FITC channel. Right: SYBR Gold channel. Bands in red
boxes are inert pathogen DNA fragments after SspI digestion.

scanning and 3D reconstruction of a triggered protocell are
shown in Figure 6e, indicating that the green fluorescence came
from opened Antibody-MBs inside a protocell and antibody
mimicry was effectively generated as RCA products after the
computation of DNA logic RN.

Antibody-MB allowed us to observe the generation of
antibody mimicry, but the digestion of pathogen DNA could
not be studied using confocal microscopy or flow cytometry.
Therefore, we turned to denatured PAGE to analyze the results
of triggered AIRS. We added 1% SDS and urea to the gel to
individually denature membrane structure and DNA hybrid-
ization. According to the PAGE results shown in Figure 6e/f, a
DNA band of about 50 nt was observed in the gel, and the
length accurately matched the designed length of DNA
fragment (49 nt) after digestion, indicating that part of
pathogen DNA had been cut into smaller inert fragments, as
predicted, providing evidence of the successful construction of
protocell with built-in AIRS and the feasible molecular
computing ability of DNA RN inside of a microsized protocell.

H CONCLUSION

Cells, as the basic functional units in a living organism, are
composed of various sophisticated signal pathways that are
isolated by a series of relatively stable membrane structures.
Although the creation of a fully functional cell from scratch is a
challenge, it is still valuable to construct artificial cells which
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mimic some of the cellular functions. DNA artificial RNs allow
customization of special algorithms with logical operations and
scaling abilities. In contrast with silicon-based logic circuits,
DNA RNs can interact directly with biomolecules in living
systems. Furthermore, the electrolyte-rich environment and the
micrometer size of a cell inhibit intracellular application of
silicon chips.

In this work, we described the feasibility of using a DNA RN
as the computational core of a micron-sized protocell, which
can perform an artificial immune response when there is an
exogenous challenge. In order to validate the functionality of
such protocell, an artificial pathogen DNA was also constructed
and encapsulated therein. The in silico simulation using visual
DSD and in vitro monitoring demonstrated the reliability of the
DNA RN-based computational core. We also mimicked the
process of pathogen infection by performing DNA migration/
electrostatic-interaction-mediated membrane fusion, so patho-
gen DNA could be delivered into the protocell and trigger the
encapsulated computational core. The designed functions of
computational core were proven to work in our protocells
following each step from recognition through killing. The
essential point of such a strategy was that DNA RN can be used
to define the logical analyzing ability and biofunction of an
artificial cell. From the perspective of broader biological
applications, any DNA RN, or computational core, as herein
demonstrated could theoretically interact directly with such
biological targets as nucleic acids or proteins inside the
protocell. DNA RNs built into protocells can be regarded as
cell-sized robots with autonomous computing capability.
Therefore, this report provides a strategy for nanoengineering
reliable prototypes to interact with complex chemical targets in
situ, or even interface with existing biological RNs in vivo.
Specifically, since DNA computational core-driven protocells
can be much more deliverable than diffusible DNA RNs due to
lack of spatial isolation, electrolyte-rich circulatory system
including hematological system and lymphatic system seems to
be a potential working environment in the future because both
surface and cavity of a protocell are available for recognition
and computing. Nevertheless, some problems such as
proposing more active recognition mechanisms and more
stable membrane structures should be subsequently solved.
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