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Abstract: Catalyzing biochemical reactions with enzymes and
communicating with neighboring cells via chemical signaling
are two fundamental cellular features that play a critical role in
maintaining the homeostasis of organisms. Herein, we present
an artificial enzyme (AE) facilitated signal transfer between
artificial cells (ACs) and mammalian HepG2 cells. We
synthesize metalloporphyrins (MPs) based AEs that mimic
cytochrome P450 enzymes (CYPs) to catalyze a dealkylation
and a hydroxylation reaction, exemplified by the conversion of
resorufin ethyl ether (REE) to resorufin and coumarin (COU)
to 7-hydroxycoumarin (7-HC), respectively. The AEs are
immobilized in hydrogels to produce ACs that generate the two
diffusive fluorophores, which can diffuse into HepG2 cells and
result in dual intracellular emissions. This work highlights the
use of AEs to promote AC to mammalian signal transfer, which
opens up new opportunities for integrating the synthetic and
living world with a bottom-up strategy.

Introduction

Artificial cells (ACs) are nano/micron-sized compart-
ments assembled with natural and/or synthetic materials,
typically focusing on mimicking one or more structural/
functional features of living cells.[1] Structurally, diverse
concepts have been considered to construct the cell-like
compartments, such as giant unilamellar vesicles (GUVs),[2]

hydrogels,[3] polymersomes,[4] coacervates,[5] etc. Among
them, hydrogels possess several superb merits, such as high
biocompatibility, easy preparation on a large scale, reliable
stability, facile separation from the aqueous media by means
of filtration or centrifugation, and good resemblance to the
natural role model. In terms of functions, among the most
significant features that ACs have been designed to mimic,
one of them being the catalysis of a wide range of biochemical
reactions, expedited by encapsulated natural or artificial
enzymes (AEs).[6] Albeit usually with inferior catalytic
efficiency and substrate specificity, AEs have emerged as
a substitution to their natural counterparts because of several
merits, including facile synthesis, high stability, tailor-made
functionalities, etc. Metalloporphyrins (MPs) are a group of

AEs that have been widely explored to mimic, mostly but not
exclusively, cytochrome P450 enzymes (CYPs), a super
enzyme family that is involved in the metabolism of
endogenous and xenobiotic compounds,[7] originated from
the fact that CYPs use a ferrous-coordinated MP heme as
a cofactor. Unlike CYPs in nature that use molecular oxygen
(O2) as the oxygen donor and NAD(P)H as the electron
donor, MPs catalyzed biomimetic reactions are typically
conducted using a peroxide as the oxidant via a so-called
“peroxide shunt” pathway.[8] Despite fruitful results achieved
in utilizing MPs as CYP mimics, the majority of reported
reactions were conducted in organic solvents,[9] which hin-
dered their applications as AEs in a biological environment.

Another essential cellular feature that scientists have
been aiming to mimic is the chemical signal transduction
among cells, i.e., cell communication. Living cells communi-
cate by secreting signaling molecules that can be received by
the targeted cells to activate essential molecular processes.
Thereinto, signal transfer, the process that signaling mole-
cules being synthesized, transferred, and perceived by the
targeting cells, is a critical step towards the fulfillment of
a successful communication. Communication among mam-
malian cells plays a vital role in regulating the collective
behavior of cellular assemblies as a response to environ-
mental changes so as to maintain the overall homeostasis.[10]

Cell communication involving ACs can take place in two
ways—they can communicate with other populations of
ACs,[11] or with living (mammalian or bacterial) cells.[12] For
AC–AC communication, identifying ACs that can make use
of incoming signals to activate chemical reactions or exhibit
a functional change in behavior is crucial towards the
development of adaptive ACs. Recent examples include the
effort by Buddingh et al., where they showed that a small
signaling molecule adenosine 5’-monophosphate generated in
one AC could diffuse into another AC to activate cascade
reactions to produce an anabolic metabolite NADH.[11b] In
addition, Niederholtmeyer et al. showed that communication
between ACs could also be realized by synthesizing macro-
molecular proteins in one AC that were able to diffuse to
neighboring ACs to initiate gene expression.[11c] Communica-
tion between ACs and mammalian cells is a largely unex-
plored direction. The pioneering effort in 2009 by Gardner
et al.[12a] as well as most of the other few published articles
focused on communication between ACs and bacterial
cells.[12b–d] We reported patterned ACs that could produce
hydrogen peroxide (H2O2) from glucose to kill the adherent
mammalian cells in proximity.[13] More recently, an example
of AC–mammalian cell communication was reported by
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Wang et al. , in which it was demonstrated that H2O2 produced
by GUV-based ACs with encapsulated glucose oxidase could
be perceived by peroxidase active red blood cells to yield
a fluorescent molecule resorufin.[12e] In all the reported AC–
living cell communication cases, to the best of our knowledge,
the signaling molecules were mostly produced using complex
natural biomolecules, such as enzymes and DNA/RNA. No
prior effort combined AEs with ACs to explore the commu-
nication or signal transfer between ACs and mammalian cells.

Herein, we synthesized MP-based AEs to facilitate signal
transfer from ACs to living HepG2 cells (Scheme 1). Specif-
ically, we synthesized a selection of water-soluble MPs and

screened them for the activity to catalyze a dealkylation and
a hydroxylation reaction, two common reactions catalyzed by
CYPs. The leading AEs were incorporated into hydrogel-
based ACs to convert two different substrates into different
fluorescent products that could be internalized by the
targeted HepG2 cells, which resulted in a response in the
mammalian cells in the form of increased cellular fluores-
cence.

Results and Discussion

First, we synthesized a variety of water-soluble MPs with
the goal to identify candidates that can efficiently catalyze
a dealkylation and a hydroxylation reaction (Figure S1). The
porphyrins were synthesized using the classical Alder-Longo
method,[14] i.e., refluxing equivalent aldehyde and pyrrole in
propionic acid for 1–2 h with ambient O2 as the oxidant, which
gave the corresponding porphyrins in moderate yields. Three
types of water-solubilizing groups were used to endow the
porphyrins with water solubility: sulfonate, poly (ethylene
glycol) methyl ether (average Mn = 550 Da), and methylpyr-
idinium. The coordination of the porphyrins with three
commonly used metals (FeCl2, MnCl2, and Co(OAc)2) was
conducted to obtain the corresponding MP1 to MP12 in good
yields with acceptable water solubility (> 5 mgmL@1). UV-vis
absorption spectroscopy was used to monitor the coordina-
tion process and ensure the purity of the final products since
the coordination of porphyrins with different metals clearly
affected their characteristic Soret bands and Q bands
(Supporting Information Table S1). It is worth mentioning
that the three mono-amino functionalized metalloporphyrins
MP4, MP5, and MP6 were covalently conjugated to sodium
alginate polymer using EDC/NHS coupling to obtain poly-
meric MP13, MP14, and MP15. The thus-obtained polymers
could be potentially used to prepare alginate hydrogel with
MPs conjugated in the hydrogel matrix. The successful
conjugation was confirmed by the fact that the obtained
polymers showed very similar UV-vis spectra to their
respective MPs after extensive dialysis (Figure S2).

The MPs were screened for their CYPs mimicking activity
using either resorufin ethyl ether (REE) or coumarin (COU)
as the substrates and H2O2 as the oxygen donor. The
fluorescence intensity at lex/lem = 570/585 nm for resorufin
or lex/lem = 355/460 nm for 7-hydroxycoumarin (7-HC) was
monitored continuously for 2 h in a multiplate reader. Three
controls with each missing one reaction component were
included. REE is a commonly used substrate to investigate
the dealkylation activity of CYP1A1 to generate resorufin.[15]

As for COU, in humans, it predominantly undergoes a CY-
P2A6-catalyzed 7-hydroxylation to produce 7-HC, while the
metabolic pathway is rather different in rodents.[16] Both
products (resorufin and 7-HC) are small and polar, and could
be potentially internalized by living cells via diffusion.[17] And
as they are highly fluorescent compared to their substrates, it
offers a straightforward way to monitor the reactions and
detect the products intra/extracellularly without the need for
a specific assay. In addition, resorufin and 7-HC have

Scheme 1. a) Chemical structures of the two water-soluble metallopor-
phyrins MP9 and MP13, and the two chemical conversions catalyzed by
the two AEs in the presence of H2O2. b) Schematic illustration of the
signal transfer between ACs and the targeted living HepG2 cell,
facilitated by the two encapsulated AEs MP9 and MP13. In the presence
of their respective substrates (REE and COU) and oxygen donor H2O2,
the two ACs generate the two fluorescent signaling molecules resorufin
and 7-HC, which can diffuse into HepG2 cells and result in an
enhancement of cell mean fluorescence.
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strikingly different emissive wavelengths, which allows for
distinguishing the two products in mammalian cells.

When considering the dealkylation of REE, samples with
MP3, MP7, MP8, MP9, MP12 showed a trend of increasing
fluorescence intensity over 2 h. Especially the sample with
MP9 exhibited an 8 X increase in fluorescence intensity in this
period (Figure 1a). Samples with MP3 and MP7 reached
a plateau within 2 h at lower fluorescence intensities, while
the fluorescence intensities were still increasing for MP8 and
MP12 containing samples but also with lower fluorescence
intensities as compared to samples with MP9 (Figure S3). The
reaction sample with MP9 showed a much higher fluorescence
intensity increment after 2 h compared to the other samples
(Figure 1b), indicating the highest catalytic activity. MP9 was
accordingly chosen for the subsequent experiments. The
versatility of this AE was first investigated. Its catalytic
activity was unaffected by the used aqueous environment, i.e.,
ddH2O, PBS, or HEPES buffer (Figure S4a). The substrate
specificity of MP9 was explored by switching REE to resorufin
benzyl ether (RBE), a substrate for CYP3A4.[18] Not surpris-
ingly, samples with either of these substrates resulted in
a similar increase in fluorescence intensity (Figure S4b) since
AEs typically show poorer substrate specificity compared to
natural enzymes. Further, the reaction mixture after 2 h was
subjected to electrospray ionization high resolution mass
spectrometry (ESI-HRMS) to confirm the product. The
pseudo molecular ions of both REE and resorufin were

detected (Figure 1c), illustrating the existence of both com-
pounds. The reaction kinetics were further detailed by
keeping the H2O2 concentration constant while varying the
REE concentration and vice versa. It was found that 15 mM
substrate could be fully converted in 2 h using the screening
condition (0.125 mgmL@1 MP9, 3.75 mM H2O2) (Fig-
ure S5a,b). Further, 1.5 mM H2O2 could already ensure the
maximum conversion of 5 mM substrate (Figure S5c,d). The
maximum rate Vmax and the Michaelis constant Km of this
reaction were estimated to be 1.19: 0.01 nM min@1 and 2.81:
0.14 mM, respectively (Figure 1d) (for more details, see
Supporting Information kinetic analysis and Figure S6).
Compared to the activity of reported CYP1A1 mutants,[19]

MP9 as an AE showed a remarkably higher Vmax (> 100 fold)
but also a larger Km, indicating lower binding affinity to REE
compared to CYP1A1.

Alternatively, the MPs were screened for their hydroxyl-
ation ability of COU. It was found that samples with MP3,
MP4, MP10, MP12 (Figure S7), and MP13 (Figure 1e) had an
increase in fluorescence intensity within 2 h reaction time.
Sample with MP10 outperformed the rest when comparing the
net fluorescence intensity increment at the endpoint (Fig-
ure 1 f). However, the functionalization degree of MP4 in the
MP13 polymer chain was calculated to be & 10% using an
absorbance-based quantification method with the standard
curve of MP4 (Figure S8), which corresponded to an active
site concentration of & 55 mM in the screening solution.

Figure 1. MPs catalyzed dealkylation of REE and hydroxylation of COU. a) Time-dependent (0–2 h, Dt = 3 min) fluorescence intensity of MP9

catalyzed dealkylation of REE (lex/lem = 570/585 nm) with three negative controls in ddH2O. The initial concentrations of REE, H2O2, and MP9

were 5 mM, 3.75 mM, and 0.125 mgmL@1, respectively. b) The fluorescence intensity changes at 585 nm (DF) catalyzed by different active MPs
after 2 h. Control without any MP added was labeled as blank. c) ESI-HRMS spectrum of the reaction mixture with REE, MP9, and H2O2 after 2 h.
d) Fitted Michaelis–Menten model of MP9 catalyzed dealkylation of REE with varying concentrations of REE in ddH2O. e) Time-dependent (0–2 h,
Dt = 3 min) fluorescence intensity of MP13 catalyzed hydroxylation of COU (lex/lem =355/460 nm) with three negative controls in ddH2O. The
initial concentrations of COU, H2O2, and MP13 were 25 mM, 3.75 mM, and 0.125 mgmL@1, respectively. f) The fluorescence intensity changes at
460 nm (DF) catalyzed by different active MPs after 2 h. Control without any MP added was labeled as blank. g) ESI-HRMS spectrum of the
reaction mixture with COU, MP13, and H2O2 after 2 h. h) Fitted Michaelis–Menten model of MP13 catalyzed hydroxylation of COU with varying
concentrations of COU in ddH2O. Data are expressed as mean : SD (n = 3).
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Taking this aspect into consideration, the samples with MP10

(& 99 mM) and MP13 showed a comparable catalytic efficien-
cy. It is worth mentioning that for the controls with only MP
and H2O2, the fluorescence intensities also increased over
time, which revealed that the MPs were not stable in the
presence of 3.75 mM H2O2. The stability of MPs in the
presence of H2O2 is investigated in more detail in the
following section. We chose the alginate polymer-based
MP13 for the following experiments as we could prepare
alginate hydrogels directly with MP13 without an extra
encapsulation step. The covalent conjugation was expected
to prevent uncontrolled leakage of the MP from the hydrogel.
Interestingly, when comparing the activity of MP13 in different
aqueous solutions, it showed the highest activity in ddH2O,
followed by PBS buffer while the activity in HEPES buffer
was rather poor (Figure S9a). This indicated that the activity
of MP13 was distinctly affected by the pH and the choices of
salts in the buffer, especially considering that the product 7-
HC actually showed higher intensity in PBS and HEPES than
in water at the given concentration (Figure S9b). Both the
pseudo molecular ions of COU and hydroxycoumarin were
observed in the ESI-HRMS spectrum of the reaction mixture
(Figure 1g). Further supported by results from high perfor-
mance liquid chromatography (HPLC) (Figure S10) and the
fact that the product was highly fluorescent with the expected
lex/lem, we concluded that 7-HC was formed in the reaction.
Kinetic studies showed the production of 7-HC was strongly
dependent on the concentrations of COU and H2O2 at the
given MP13 concentration (Figure S11). Vmax and Km of this
reaction were estimated to be 42.94: 2.67 nM min@1 and
19.55: 2.94 mM, respectively (Figure 1 h) (for more details,
see Supporting Information kinetic analysis and Figure S12).
Similar to MP9, MP13 catalyzed hydroxylation showed a much
larger Vmax but also higher Km, as compared to natural
CYP2A6 mutants,[20] indicating lower binding affinity towards
COU.

Following on, alginate-based ACs with encapsulated AEs
were assembled. Alginate is a naturally derived polysaccha-
ride primarily extracted from kelp. Alginate hydrogels
resemble the extracellular matrix and have found wide
applications in wound healing, drug delivery, and tissue
engineering.[21] Apart from their good biocompatibility and
facile preparation, alginate hydrogels typically have pore sizes
ranging from 5 nm to 200 nm that allow for the fast diffusion
of small molecules through the gel matrix,[22] which is ideal for
our application as an AC scaffold. The alginate beads were
prepared using a typical extrusion dripping method followed
by crosslinking in a CaCl2 bath. Two different strategies were
applied to load the ACs with MP9 or MP13. MP9 was first
encapsulated in liposomes made from the phospholipid 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Figure 2a),
then encapsulated in hydrogel beads, referred to as AC1 from
now on. This approach was considered successful since no
Soret band of MP9 was found in the solution following
filtration (Figure S13). In contrast, the retention of directly
encapsulated MP9 in the hydrogel matrix was lower since the
Soret band of MP9 was clearly detectable in the filtrate. The
obtained AC1 typically showed spherical to drop-shaped
morphologies with a mean size of 82.8: 16.8 mm (Figure 2b).

The concentration (w/w) of MP9 in AC1 was calculated to be
& 0.07% using a colorimetric quantification with the standard
curve of MP9 (Figure S14). On the other hand, MP13 was
simply mixed with the same amount of low molecular weight
sodium alginate polymer (< 75 KDa) to prepare the beads
with an 80 mm size nozzle. Surprisingly, the encapsulation
efficiency was rather low as indicated by the strong Soret
band absorbance of the filtrate (Figure S15). This was
opposite to our assumption that MP covalently conjugated
alginate polymer would lead to a high encapsulation effi-
ciency. A possible explanation is that the bulky size of the MP
on the polymer chain inhibited the adjacent a-L-guluronic
acid units (G blocks) from obtaining the optimal spatial
proximity to crosslink with Ca2+. Interestingly, when we

Figure 2. AC characterization, catalytic activity, and stability. a) TEM of
the liposomes encapsulated with MP9. Scale bar =200 nm. b) Repre-
sentative bright field microscopic image of AC1. Scale bar = 50 mm.
c) Representative bright field microscopic image of AC2. Scale
bar = 200 mm. d) Fluorescence of the reaction supernatants with REE
(5 mM), AC0 or AC1 (0.25 mgmL@1), and H2O2 (3.75 mM) in ddH2O
and cell media after 12 h (lex/lem =570/585 nm). e) Fluorescence of
the reaction supernatants with COU (25 mM), AC0 or AC2

(0.25 mgmL@1), and H2O2 (3.75 mM) in ddH2O and cell media after
12 h (lex/lem = 355/460 nm). The background fluorescence of cell
media at both emissive wavelengths was subtracted. Data are ex-
pressed as mean : SD (n= 3). f) Time-dependent (0–4 h,
Dt = 10 min) Soret band absorbance of MP9 and AC1 in the presence
of 0 mM, 1.5 mM, and 3.75 mM H2O2. g) Time-dependent (0–4 h,
Dt = 10 min) Soret band absorbance of MP13 and AC2 in the presence
of 0 mM, 1.5 mM, and 3.75 mM H2O2.
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switched to a 200 mm extrusion nozzle, a higher encapsulation
efficiency was obtained (Figure S15). The reason for this
improved encapsulation efficiency needs further evaluation
and comparison to other cargoes. Therefore, the latter
approach was used to formulate beads with MP13, referred
to as AC2 hereafter. The concentration (w/w) of the active site
(only the MP unit) in AC2 was estimated to be& 0.05% based
on the standard curve of MP4 (Figure S8). AC2 showed similar
morphologies as AC1 but with larger sizes (186.8: 49.1 mm)
due to the usage of a larger nozzle (Figure 2c). Besides,
alginate beads without any encapsulated MPs, referred to as
AC0, were prepared as negative controls. Furthermore, to
examine whether the catalytic activity of the two AEs were to
be affected by the presence of each other, alginate beads with
co-encapsulated MP9 and MP13, referred to as AC3, were also
prepared. The morphologies of AC0 and AC3, and the detailed
size distributions of the four different kinds of alginate beads
were summarized in Supporting Information (Figure S16).

The catalytic activity of the alginate beads was examined
both in water and in cell media to ensure that the encapsu-
lation and the media did not affect the activity of the two AEs.
Samples with AC1 or AC2 showed an increase in fluorescence
intensity in both environments (Figure 2d,e), i.e., the hydro-
gel matrix and the cell media did not show a negative effect on
the activity of the two AEs. Surprisingly, samples with AC2

even had a higher signal in cell media than in water. This again
suggested that the aqueous environment had a notable
influence on the catalytic activity of MP13 as pure 7-HC
showed similar fluorescence intensities in water and cell
media at a given concentration (Figure S9 b). As expected, the
product production was dependent on both the concentra-
tions of the substrates and H2O2 (Figure S17). For AC3, higher
signals were also observed both in water and in cell media
compared to the controls. Similar fluorescence intensities
were detected for both resorufin and 7-HC as compared to
AC1 and AC2, respectively (Figure S18). This result indicated
that MP9 and MP13 were compatible with each other even in
the same hydrogel matrix, thus suggesting the possibility of
producing resorufin and 7-HC simultaneously using the same
AC.

One critical issue when using MPs as CYP mimics is their
stability as it had been reported that MPs degrade in the
presence of H2O2, which is characterized by a weakening of
the Soret band absorbance.[23] Consequently, the observed
catalytic efficiency is actually a compromised result between
the actual activity and MP stability. With the aim to
investigate and compare the stability of MP9 and MP13 as
well as AC1 and AC2 in the presence of different H2O2

concentrations, their UV-vis spectra without the substrates
were monitored continuously for 4 h with a time interval of
10 min (Figure S19). The amount of the MPs were kept the
same in the MPs and ACs solutions. The presence of H2O2

showed a destructive effect on the structural integrity of MPs
as the Soret band absorbance all showed a decreasing trend
over time, and a higher concentration of H2O2 led to a faster
degradation (Figure 2 f,g). However, at the same concentra-
tions of H2O2 (1.5 mM or 3.75 mM), the two ACs clearly
showed a slower decreasing trend than their respective MPs,
indicating that the hydrogel scaffold had a protective shield-

ing effect for the encapsulated AEs, which was more
pronounced against low concentrations of H2O2.

The next step was to assess the ability of the ACs to
perform one-way signal transfer with mammalian cells
through the diffusion of the fluorescent products. To this
end, the HepG2 cell line was chosen as it is a liver derived cell
line and CYPs function is highly abundant in the liver.[24] First,
short-term toxicity (24 h exposure time) of the reactants and
products was evaluated. The cell viability dropped to & 70%
with 10 mM REE, which did not decrease further for concen-
trations up to 50 mM (Figure S20a). COU did not show
toxicity for concentrations up to 300 mM (Figure S20b), while
the viability decreased to & 80% between 0.5 mM and 1 mM
H2O2 (Figure S20c). Neither resorufin (Figure S20d) nor 7-
HC (Figure S20e) showed any negative effect on the viability
for concentrations up to 100 mM and 300 mM, respectively.
Non-toxic concentration ranges of the two products were then
used to ensure that resorufin and 7-HC could diffuse across
the plasma membrane and display detectable intracellular
fluorescence. For this purpose, cells were incubated with up to
100 mM resorufin (Figure S21a) or 7-HC (Figure S21b) for
24 h followed by washing and fluorescent read-out in the
multiplate reader using the corresponding lex/lem. As antici-
pated, higher concentrations of the compounds resulted in
higher detected fluorescent intensities, indicating successful
intracellular placement. Further, to ensure that the intra-
cellular fluorescent signals originated from resorufin and 7-
HC could be distinguished, the cells were incubated with the
two compounds concomitantly with different molar ratios. No
obvious overlapping was observed either in their single point
emission (Figure S21c,d) or in their emission spectra (Fig-
ure S21e,f), suggesting that resorufin and 7-HC could be
differentiated intracellularly.

Following on, we aimed to testify that AC1 and AC2

produced sufficient products in a reasonable time that could
be detected in HepG2 cells. Thus, AC1 (0.5 mgmL@1) was
mixed with 25 mM REE and 5 mM H2O2, and AC2

(0.5 mgmL@1) was mixed with 25 mM COU and 7.5 mM
H2O2 in cell media and incubated overnight at 37 88C to
accumulate resorufin and 7-HC, respectively. Two negative
controls in which either H2O2 was missing or AC0 was used
were also prepared. The two ACs displayed moderate
stability under such ACs/H2O2 concentration ratios as indi-
cated by the time-dependent UV-vis spectra, which suggested
that & 33% of MP9 and & 22% of MP13 were retained in the
ACs after 12 h of incubation with H2O2 (Figure S22).
Although the initial concentrations of H2O2 and REE chosen
here were expected to be toxic to the cells, the pre-incubation
step was expected to consume the H2O2 prior to the addition
to the HepG2 cells. The reaction supernatants were collected
and added to pre-cultured HepG2 cells in a 96-well plate for
an incubation time of 8 h or 24 h followed by washing and
detection of the fluorescent signal using a multiplate reader
(Figure S23a,b). Statistically significant higher fluorescence
intensities were detected for cells incubated with supernatant
originating from samples with AC1 after 8 h incubation
compared to the controls (Figure S23c). Interestingly, the
intracellular signal decreased statistically significantly for the
24 h incubation, which was likely the result of a further
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reduction of resorufin into the non-fluorescent hydroresor-
ufin in the cells over time.[25] This was supported by the fact
that the fluorescence of the reaction supernatants incubated
without cells remained constant even after 96 h (Figure S23d).
On the other hand, cells incubated with supernatants from
samples containing AC2 only showed a statistically significant
higher fluorescence after 24 h incubation compared to after
8 h and the controls (Figure S23e), suggesting that 7-HC
could less easily diffuse across the plasma membrane. The
appearance of the fluorescent products in the cytosol of the
HepG2 cells was confirmed by confocal laser scanning
microscopy (CLSM). Resorufin was detected intracellularly
after 8 h compared to cells exposed to reaction supernatants
from samples without H2O2 or when AC0 was used (Fig-
ure S23f). Upon 405 nm excitation, an intracellular fluores-
cent signal originating from 7-HC was only observed in the
cells after 24 h incubation (Figure S23g) and not after 8 h even
when using the reaction supernatants from complete samples
compared to negative controls (Figure S23h). Taken together,
the results demonstrated the ability of both ACs to produce
adequate amounts of products to be detectable in HepG2
cells after either 8 h or 24 h.

Next, the goal was to produce REE or 7-HC in situ and let
the compounds diffuse to the HepG2 cell culture in proximity
(Figure 3a,b). To this end, microfluidic channels (m-Slide VI
0.4) were employed and the HepG2 cells were seeded in the
outlet chamber and the ACs were deposited at the other end
of the channel (inlet chamber). The connecting channel filled
with cell media facilitated the diffusion of the in situ produced
REE or 7-HC. The cells were seeded at a tilted angle and
allowed to settle overnight to ensure adhesion in their original
chamber (Figure S24). Although a few ACs diffused through
the channel, the vast majority sedimented and were retained
in the inlet chamber. HepG2 cells incubated for 8 h or 24 h in
the presence of AC1, REE, and H2O2 had similar fluorescence
that was statistically significantly higher compared to the
controls (Figure 3c). In contrast to the results obtained from
using the pre-conditioned supernatants, resorufin seemed to
be continuously supplied in this case, i.e., there was no drop in
fluorescence between 8 h and 24 h incubation. CLSM imaging
confirmed the higher fluorescence originating from resorufin
in the cytosol of the cells incubated with AC1, REE, and H2O2

compared to the controls, an effect that was more evident
after 24 h incubation (Figure 3e) compared to 8 h (Fig-
ure S25a,b). In addition, HepG2 cells incubated with AC2,
COU, and H2O2 for 24 h had statistically significant higher
fluorescence compared to the control (Figure 3 d), which was
also confirmed by CLSM (Figure 3e). While the trend was
still evident after 34 h, no significant difference was observed
for this time point (Figure 3d). It should be noted that 8 h
incubation time was too short to obtain a detectable signal
from intracellular 7-HC (Figure S25c,d). The results suggest-
ed the successful one-way signal transfer from AC1 or AC2 to
HepG2 separately, facilitated by the two in situ produced
signaling molecules.

Finally, HepG2 cells were simultaneously incubated with
AC1 and AC2 in situ in order to expose the living cells to both
products at the same time (Figure 3 f). To this end, we chose
a 24 h incubation time, 5 mM H2O2, and the previously used

REE and COU concentrations. In this case, the individual
concentration of AC1 and AC2 was half of the concentrations
compared to the previous experiments. However, the fluo-
rescence signals originating from the HepG2 cells were not
expected to be lower since cells exposed to the supernatant
from the pre-incubated AC1 reaction had a & 10 X lower
fluorescence signal compared to the cell media for an 8 h
incubation (Figure S26). First, an excitation wavelength lex =

570 nm was used in order to detect resorufin followed by
using an excitation wavelength lex = 355 nm on the same well
to identify the presence of 7-HC. A higher fluorescent signal
was detected in both cases when the substrates and H2O2 were
present compared to the controls (Figure 3 g,h). It should be
noted that if one substrate was used, only the fluorescent
signal from the corresponding product was detected. In
addition, the fluorescence signal was significantly lower when
only REE was present, but comparable to previously
obtained signals (Figure 3c), while no difference was seen
for 7-HC whether both substrates or only COU were present.
Further, visualizing the wells by CLSM with either lex =

555 nm or lex = 405 nm showed that resorufin and 7-HC
could be detected separately (Figure 3 i), while no comparable
fluorescent signal was observed in the controls. Taken
together, it was demonstrated that two fluorescent products
generated from two AC populations could be detected in
HepG2 cells, highlighting the applicability of using AEs to
facilitate the AC to mammalian cell signal transfer.

Supporting information for this article is given via a link at
the end of the document. The data that support the findings of
this study are available in Science Data at https://sciencedata.
dk/shared/59cedf7417ffc55fe0aa14935239e14a.

Conclusion

We report the first case of a one-way chemical signal
transfer from ACs to mammalian cells facilitated by AEs with
CYP mimicking activity. This feasible effort illustrated that
AEs promoted signal transfer from ACs to mammalian cells,
an important aspect to fulfill cellular communication and
expand the realm of artificial biology to integrate the
synthetic and biological world.
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Figure 3. In situ signal transfer between ACs and HepG2 cells. Schematic illustration of the separate in situ signal transfer experiments in which
a) AC1 or b) AC2 reaction mixtures were present in the inlet chamber and HepG2 cells were present in the outlet chamber. Fluorescence of HepG2
cells after incubation with c) AC1 or d) AC2 reaction mixture in situ for 8 h, 24 h, or 34 h. Autofluorescence of non-treated HepG2 cells was
subtracted. Data are expressed as mean : SD (n = 3–4, *p<0.068, ns = not significant at the 0.068 level. The statistical significance used to
compare the means was determined using a one-way analysis of variance (one-way ANOVA) followed by a Tukey’s multiple comparison post hoc
test). e) Representative CLSM images of HepG2 cells after incubation with AC1 + REE + H2O2, AC1 + REE, AC2 + COU + H2O2, or AC2 + COU
reaction mixtures in situ for 24 h (n =3). f) Simultaneous in situ signal transfer experiments in which AC1 and AC2 reaction mixtures were mixed
in the inlet chamber and HepG2 cells were present in the outlet chamber. Fluorescence of HepG2 cells detected at g) lex/lem = 570/585 nm or
h) lex/lem = 355/460 nm after incubation with AC1 and AC2 reaction mixtures in situ for 24 h. Autofluorescence of non-treated HepG2 cells was
subtracted. Data are expressed as mean : SD (n = 3, *p<0.05, ns = not significant at the 0.05 level. The p-value used to compare the means was
determined using one-way ANOVA followed by a Tukey’s multiple comparison post hoc test). i) Representative CLSM images of HepG2 cells
excited at 555 or 405 nm wavelength after incubation with AC1 + AC2 + COU + REE + H2O2 (labelled as with H2O2) or AC1 + AC2 + COU + REE
(labelled as without H2O2) in situ for 24 h (n = 3). For all the CLSM images; Red= resorufin, lex =555 nm excitation; blue =Cell Mask Deep Red
Plasma Membrane stain, lex = 639 nm; green = 7-HC, lex = 405 nm. Scale bar =20 mm.
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