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RESEARCH ARTICLE Open Access

Transient light-activated gene expression in
Chinese hamster ovary cells
Shiaki A. Minami1 and Priya S. Shah1,2*

Abstract

Background: Chinese hamster ovary (CHO) cells are widely used for industrial production of biopharmaceuticals.
Many genetic, chemical, and environmental approaches have been developed to modulate cellular pathways to
improve titers. However, these methods are often irreversible or have off-target effects. Development of techniques
which are precise, tunable, and reversible will facilitate temporal regulation of target pathways to maximize titers. In
this study, we investigate the use of optogenetics in CHO cells. The light-activated CRISPR-dCas9 effector (LACE)
system was first transiently transfected to express eGFP in a light-inducible manner. Then, a stable system was
tested using lentiviral transduction.

Results: Transient transfections resulted in increasing eGFP expression as a function of LED intensity, and activation
for 48 h yielded up to 4-fold increased eGFP expression compared to cells kept in the dark. Fluorescence decreased
once the LACE system was deactivated, and a protein half-life of 14.9 h was calculated, which is in agreement with
values reported in the literature. In cells stably expressing the LACE system, eGFP expression was confirmed, but
there was no significant increase in expression following light activation.

Conclusions: Taken together, these results suggest that optogenetics can regulate CHO cell cultures, but
development of stable cell lines requires optimized expression levels of the LACE components to maintain high
dynamic range.

Background
Chinese hamster ovary (CHO) cells are a major industrial
workhorse for mammalian glycoprotein production. Im-
proving protein yields through regulation of gene expres-
sion is a major focus of CHO cell engineering [1].
Reversible and scalable control of gene expression would
represent a major step forward in CHO cell engineering,
yet mature methods typically rely on constitutive regula-
tion or on chemical induction that cannot be easily re-
versed unless the media is replaced [2]. For instance,
sodium butyrate is a highly utilized chemical in industrial
CHO cell cultures to increase specific productivity [3].
However, the increase in specific productivity is often

accompanied by a decrease in cell viability [4]. Removing
sodium butyrate towards the end of the culture duration
may improve viability while retaining the benefits of in-
creased specific productivity [5], but media replacement is
economically disadvantageous in large bioreactors. A sys-
tem in which stimuli are easily removed would allow
greater control over the entire culture period, which is
crucial given the dynamic nature of production cultures.
Recently developed systems, such as the light-activated

CRISPR-dCas9 effector (LACE) system, enable regulation
of gene expression with a tunable and easily reversed
mechanism [6]. Briefly, the LACE system relies on light-
activated dimerization of CRY2 and CIBN. CRY2 is a
light-sensitive protein which undergoes a conformational
change upon excitation with 450 nm light. Here, CRY2 is
fused to VP64 as CRY2-VP64. VP64 is a viral transactiva-
tion domain that activates expression from a minimal
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CMV promoter. CIBN binds to the activated form of
CRY2. In this system, CIBN is fused to dCas9 as CIBN-
dCas9-CIBN and integrated into a CRISPR dCas-9 system.
The guide RNA (gRNA) localizes the CIBN-dCas9-CIBN
complex to a minimal CMV promoter. Upon light-
activated dimerization of CRY2 and CIBN, VP64 is re-
cruited to the minimal CMV promoter, activating the ex-
pression of a target gene. Once the light is removed,
CRY2 and CIBN dissociate and gene expression is turned
off. This is a modular system in which light can be used to
regulate the expression of any transgene of interest
(Fig. 1).
Here, we use this previously described LACE system

to control gene expression in CHO cells. We show that
transient light-activated expression of enhanced green
fluorescent protein (eGFP) is possible through transient
transfection of a four-plasmid system, and this system is
tunable. However, only a small percentage of cells re-
ceived adequate amounts of all four plasmids, and the
transient nature of the system limits its utility for CHO
cell engineering applications. We therefore tested stable
expression relying on lentiviral transduction. This sys-
tem did not result in light-activated expression of eGFP,
suggesting additional modifications are required for
stable light-activated gene expression.

Results
LACE activity in CHO cells using transient transfection
We first tested the LACE system in CHO-DG44 (DG44)
cells using transient transfection and eGFP as a reporter
for expression. The percent eGFP-positive cells varies
with gate position (Supplementary Fig. S1a). At high gate
thresholds, the percent eGFP-positive cells is higher for
the activated LACE system and clearly separated from
that of the dark state. This separation decreases as we
lower the gating threshold, similar to a previous study
using the LACE system in HEK 293 T cells [6]. Interest-
ingly, at much lower gate thresholds, the activated LACE
system has slightly lower percent eGFP-positive cells.
This may be because cells that receive the plasmid

encoding eGFP but not all four plasmids required for
light activation are capable of low-level eGFP expression
that is photobleached by the LEDs used for LACE acti-
vation. Given that gating on percent eGFP-positive cells
using a high threshold could result in analyzing a very
small number of cells in the dark state (< 10 cells), we
considered mean fluorescence intensity (MFI) as an al-
ternative measure. LACE cells consistently had a higher
MFI for cells in the light, regardless of the gate threshold
(Supplementary Fig. S1b). Gating for subsequent experi-
ments was performed such that > 99.9% of untransfected
cells were excluded. This ensures that the most LACE
cells are captured for analysis.
Since the minimal CMV promoter can result in leaky

transcription, we determined the background level of
eGFP expression by transfecting only the plasmid encod-
ing eGFP (8x gRNA eGFP). Background MFI of eGFP
signal was slightly lower than that of the full four-
plasmid LACE system without light activation. Following
light activation for 24 h, eGFP expression was measured
by flow cytometry. We observed an approximately 4-fold
increase in MFI for the population of cells that were
gated positive for eGFP expression (Fig. 2a).
Once we confirmed that the LACE system functions in

CHO cells, we sought to test tunability, reversibility, and
duration of light-activation. We tested whether eGFP ex-
pression could be tuned in CHO cells using light inten-
sity. We varied light intensity while keeping pulse width
and frequency constant. We observed saturating behav-
ior in which more than 80% of maximum MFI of eGFP
signal was achieved with only 50% of the maximum light
intensity possible (Fig. 2b). We also showed that the sys-
tem is reversible in CHO cells. MFI of eGFP fluores-
cence and relative eGFP mRNA levels significantly
decrease when light activation is terminated (Fig. 2c and
Supplementary Fig. S2). Using an exponential decay fit
of flow cytometry data, the protein half-life of eGFP in-
tensity was calculated to be ~ 14.9 h. This is within the
range of commonly reported values in the literature [7,
8]. Together, our results show that the LACE system is

Fig. 1 Schematic of the LACE system. The LACE system relies on light-activated dimerization of CRY2 and CIBN (blue). CIBN is fused to dCas9 and
targeted to the minimal CMV promoter using a synthetic gRNA sequence. CRY2 is fused to VP64 so that it activates transcription following light
activation and dimerization with CIBN
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tunable and reversible in CHO cells. We next tested
how long light activation could be maintained in CHO
cells using transient transfection. CHO-K1 cells were
transfected with the LACE plasmids and subjected to
light activation for the indicated times post-transfection
or kept in the dark. MFI of eGFP signal was measured
by flow cytometry. The decay in MFI of eGFP signal for
the LACE system following light activation (light) mir-
rored the decay by constitutively active eGFP (pCDNA-
eGFP). We observed a peak MFI of eGFP signal at 84 h
post-transfection, which was a 6-fold increase compared
to control cells kept in the dark. While the signal was

still moderately high and well above control cells kept in
the dark at 132 h post-transfection, at 180 h post-
transfection the signal was indistinguishable from con-
trol cells kept in the dark (Fig. 2d). Another flow cyt-
ometer was used to collect the data in Fig. 2d, resulting
in eGFP intensities which are an order of magnitude
lower compared to other data in Fig. 2. As the units of
fluorescence intensity are arbitrary, flow cytometer ac-
quisition parameters were adjusted to ensure that fluor-
escence intensity values were within the linear range of
detection for both instruments. Together, our results
show that the LACE system is tunable and reversible in

Fig. 2 Transient light-activated gene expression in CHO cells. The LACE system was used to express eGFP in CHO cells in a light-activated
manner. a DG44 cells were transfected with LACE plasmids. Mean fluorescence intensity (MFI) of eGFP signal was measured by flow cytometry
with (blue) and without (black) 24 h of light activation with 465 nm light using 1 s pulses at 0.067 Hz pulse frequency and 9.8 mW/cm2 intensity.
eGFP only (negative control) represents the background fluorescence of cells (dashed line). b Tunability of eGFP expression was measured by
altering LED intensity. MFI of eGFP signal from DG44 cells was measured by flow cytometry following 24 h of light activation at the indicated
intensity. A fit of the data was performed assuming Michaelis-Menten kinetics. c Reversibility of eGFP expression was measured by monitoring
eGFP MFI from DG44 and mRNA levels from CHO-K1 cells after turning off light activation. MFI and mRNA were measured by flow cytometry and
qRT-PCR, respectively, at 0 and 24 h after light activation was terminated. d CHO-K1 cells were transfected with the indicated plasmids. Cells
transfected with LACE plasmids were either exposed to light or kept in the dark. MFI of eGFP signal was measured at the indicated times. Data
from (a) and (b) represent the mean values of five and three independent experiments, respectively. Data from (c) represent the mean values of
three technical replicates in an experiment. Error bars represent standard error of the mean. Background fluorescence is indicated with a dashed
line at the upper limit of the 95% confidence interval for negative control samples. P values were calculated with a paired two-tailed T-test

Minami and Shah BMC Biotechnology           (2021) 21:13 Page 3 of 8



CHO cells, with light-activated expression viable for up
to 5 days post-transfection.

LACE activity in CHO cells using stable lentiviral
transduction
Many applications in CHO cells require the generation
of stable cell lines and cultures that last more than 1
week [9, 10]. Transient systems are becoming more
popular, but given the decay of the LACE signal follow-
ing transfection (Fig. 2d), LACE activity would only be
accessible in the first 5 days post-transfection. Moreover,
transient transfection of the LACE plasmids would result
in only a small percentage of the cells receiving all four
plasmids required for LACE activity. For example, even
with a transfection efficiency as high as 90%, only 66%
(0.94) of cells would receive four plasmids of an equimo-
lar mixture. In these cases, stable expression of LACE
components would be desirable. We therefore cloned
the LACE components into a lentiviral expression sys-
tem using Gibson Assembly (Supplementary Fig. S3).
Each component was introduced to DG44 by serial
transduction. We then split cells into two samples with
one sample cultured in the dark and the other sample
activated with light for 24 h. While we did not observe
significant light-activation, a small population of cells (~
0.1%) had increased fluorescence following light activa-
tion (Fig. 3a). To test whether this result was cell-line

dependent, we tested transient transfection and serial
transduction in CHO-K1 cells. Very similar results were
obtained for CHO-K1, with robust transient light-
activated expression of eGFP (data not shown), but low
signal-to-noise for stably integrated cells (Fig. 3b). We
hypothesized that the population of light-responsive cells
was very small because only a small percentage of them
received and appropriately expressed all four plasmids
using serial transduction. We therefore sorted single
CHO-K1 cells in the top 0.1% of fluorescence intensity
following light activation to further characterize their
response to light. Clones were allowed to recover and
expand for more than 2 weeks before analysis. Surpris-
ingly, light activation of the sorted clones resulted in the
same MFI of eGFP signal as the clones without light ac-
tivation. This almost perfect 1:1 relationship between
dark and light for the stably-transduced clones stands in
contrast to the approximately 4-fold change in MFI for
the transient system and indicates that the sorted clones
are not light-responsive (Fig. 3c).
Given the absence of light-activation in the lentiviral

system, we sought to determine if each of the lentiviral
constructs retained activity. We therefore tested the len-
tiviral plasmids in a transient transfection setting for re-
sponsiveness to light activation. Each of the lentiviral
constructs except for the eGFP-encoding construct was
tested in combination with the transient transfection-

Fig. 3 Lentiviral transduction does not result in stable light-activated gene expression. a DG44 and b CHO-K1 cells serially transduced with
lentiviral vectors encoding the LACE system were incubated in the dark or with light activation for 24 h. Fluorescence intensity of cells was
measured by flow cytometry. c Cells in the top 0.1% of fluorescence from (b) were single-cell sorted and expanded. The surviving clonal
populations were incubated in the dark or with light activation for 24 h. Fluorescence intensity of cells was measured by flow cytometry.
Transient transfection data from Fig. 2a is included as a reference for robust light activation
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based LACE plasmids. When only one lentiviral con-
struct was included, we observed between 2- and 6-fold
increases in MFI of eGFP signal following light activa-
tion. The lentiviral construct encoding the gRNA re-
sulted in a light-activated MFI similar to that of the
signal of cells left in the dark for other combinations,
suggesting that this construct may not be functional.
However, in experiments in which two lentiviral con-
structs were used in tandem with two transient
transfection-based LACE plasmids, we still observed ro-
bust 4-fold light activation. Interestingly, MFI of eGFP
signal for cells kept in the dark increased as we added
more lentiviral constructs to the transient transfection.
This increase in background fluorescence was not always
accompanied with proportional increases in signal fol-
lowing light activation, suggesting that diminishing
signal-to-noise ratio for the lentiviral system limits its
utility (Fig. 4a). We were not able to test the lentiviral
construct encoding eGFP in the transient transfection
system because of its intrinsic fluorescence observed
during transient transfection scenarios such as lentiviral
packaging (Fig. 4b).

Discussion
Here we test the LACE system for light-activated
gene expression in CHO cells. We find that transient
transfection of LACE plasmids results in tunable and
reversible light-activated gene expression that can last
approximately 5 days (Fig. 2). The deactivation of the
LACE system is dependent on the half-life of the pro-
tein being expressed because the time scale for LACE
component interaction is much smaller than the time
scale for protein degradation. Additionally, eGFP

mRNA degradation is much faster compared to pro-
tein degradation (Fig. 2). Therefore, in this experi-
ment, protein half-life dictates the off-time of the
LACE system and if desired, the rate of reversion of
the system into the dark state can be increased by
using destabilized proteins. High transfection efficien-
cies are necessary (> 95%) because this system relies
on co-transfection of four separate plasmids.
Moreover, this transient system would not allow for
applications involving stable cell lines, or experiments
spanning more than 1 week. We therefore tested the
LACE system in lentiviral constructs. We found that
the lentiviral LACE system had low signal-to-noise
that limited its application (Figs. 3 and 4). We
allowed clones to recover for at least 2 weeks to
allow them to relax back into the dark state, but it is
still possible that the previous light activation re-
quired to sort individual clones created an epigenetic
memory that increases the background fluorescence
of these clones, even in a prolonged dark state [11].
Identifying cells that include all four components of
the LACE system using antibiotic selection markers
and fewer constructs could be used to circumvent
this potential technical barrier.
We hypothesize that the lentiviral LACE system ex-

hibits low signal-to-noise because of increased intrin-
sic background eGFP expression from the minimal
CMV promoter. Our observations of high eGFP ex-
pression in lentiviral LACE clones compared to
transiently-transfected LACE cells in the dark state
(Fig. 3c) and high eGFP expression from the 8x
gRNA eGFP lentiviral construct compared to the
transient plasmid in a transfection setting (Fig. 4b)

Fig. 4 Lentiviral constructs function in a transient setting. a The indicated combinations of transient (T) and lentiviral (L) LACE plasmids were
transiently transfected into CHO cells and incubated in the dark or with light activation. MFI of eGFP signal was measured by flow cytometry after
24 h of light activation. The 8x gRNA eGFP lentiviral construct was not tested because of its intrinsic eGFP expression in a transient setting (see
(b)). b eGFP expression of the 8x gRNA eGFP lentiviral construct. CHO cells were transfected with the lentiviral or transient 8x gRNA eGFP
construct. eGFP and bright field images were taken 24 h post-transfection
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support this hypothesis. Although the LACE expres-
sion constructs were expected to behave similarly be-
tween the transient and stable settings since the
original promoters were also cloned into the lentiviral
vectors (Supplementary Fig. S3), it is possible that
other regulatory elements of the lentiviral vectors that
were also integrated into the cells caused an increase
in expression levels in the dark. In this case, a lenti-
viral system may not be a viable option as a stable
LACE system. While less efficient than lentiviral
transduction, transient transfection and stable cell line
generation via antibiotic selection is another ap-
proach. This approach is also more widely accepted
than lentiviral transduction for industrial therapeutic
protein production. Alternatively, incorporating mam-
malian origins of replication into all LACE plasmids
could allow for episomal plasmid maintenance follow-
ing transient transfection [12].

Conclusions
In summary, transient light-activated gene expression in
CHO cells is tunable and reversible using the LACE sys-
tem. While stable expression of LACE components
would expand their utility, lentiviral transduction of
LACE components resulted in increased background
and a low signal-to-noise ratio. Other approaches to
stable expression of LACE components, such as anti-
biotic selection of transfected LACE plasmids, could
overcome this technical challenge.

Methods
Plasmids
pcDNA3.1-CRY2FL-VP64, pcDNA3.1-CibN-dCas9-CibN,
pGL3-Basic-8x-gRNA-eGFP, and gRNA-eGFP-Reporter
were gifted from Charles Gersbach (Addgene plasmid #
60554, 60553, 60718, and 60719, respectively). These plas-
mids were used directly for transient transfection. Lenti-
viral vectors were constructed from PCR amplification of
the LACE components. CRY2FL-VP64 was amplified with
primers 1 and 2, CibN-dCas9-CibN with primers 3 and 4,

and gRNA-eGFP-Reporter with primers 5 and 6. A syn-
thesized eGFP-IRES-mTagBFP2 fragment was PCR-
amplified with primers 7 and 8 (Table 1). mTagBFP2 was
introduced so that LACE system activation could be mon-
itored once eGFP was replaced with another gene of inter-
est. PCR-amplified fragments were cloned using Gibson
Assembly into pFUGW vectors, gifted from Isei Tanida
[13] (Addgene plasmid # 61460), which were digested with
PacI (New England Biolabs) and EcoRI-HF (New England
Biolabs). Diagrams of the transient and lentiviral LACE
plasmids are shown in Supplementary Fig. S3.

Cells
CHO-K1 cells (ATCC-No. CCL-61) were maintained
in IMDM (Gibco) supplemented with 10% FBS
(Gibco) and 1% penicillin/streptomycin (Lonza).
CHO-DG44 cells [14] were maintained in IMDM sup-
plemented with 10% FBS, 1% penicillin/streptomycin,
13.6 mg/L hypoxanthine (Alfa Aesar), and 3.9 mg/L
thymidine (Sigma). HEK293T cells (ATCC-No. CRL-
11268) were maintained in DMEM (Gibco) supple-
mented with 10% FBS and 1% penicillin/streptomycin.
Cells were cultured in a humidified incubator at 37 °C
and 5% CO2. Cell density and viability were measured
using trypan blue and an automated cell counter
(TC20, Bio-Rad).

Transient transfection
At 24 h before transfection, cells were seeded in 12-well
plates at a density 0.12 × 106 cells per well. To introduce
the LACE system, cells were transfected with 206 ng
pcDNA3.1-CRY2FL-VP64, 294 ng pcDNA3.1-CibN-
dCas9-CibN, 100 ng pGL3-Basic-8x-gRNA-eGFP, and
400 ng gRNA-eGFP-Reporter per well. Transfections
were performed using PolyJet DNA In Vitro Transfec-
tion Reagent (SignaGen Laboratories) with a PolyJet/
DNA ratio of 2.

Lentiviral packaging and transduction
Lentivirus was packaged in HEK293T cells using sodium
phosphate co-transfection of 3.5 μg transgene, 1.8 μg
gag/pol-, 1.25 μg vsv-g-, and 0.5 μg rsv-rev-expressing
plasmids [15]. Medium exchange was performed 6–12
post-transfection. Medium containing lentivirus was har-
vested 48–60 h post-transfection via centrifugation at
1000 rpm for 10min and filtration through 0.45 μm syr-
inge filters. Packaged lentivirus was stored at − 80 °C
until further use.
For transduction, cells were plated on 12-well plates at

a density of 0.12 × 106 cells per well and transduced seri-
ally with the LACE system components. Cell culture
medium was replaced by 250 μL medium containing
CRY2FL-VP64 lentivirus and 250 μL fresh medium.
After 1 h, 500 μL fresh medium was added. The

Table 1 Primer sequences for generation of lentiviral vectors

Primer Sequence

Primer 1 5′-cagagatccagtttggttaatcgctgcttcgcgatgtacggg-3′

Primer 2 5′-gattatcgataagcttgatatcgtcaagaagcgtagtccggaacgtc
gtacg-3′

Primer 3 5′-cagagatccagtttggttaatcgcgatgtacgggccagatatacgc-3′

Primer 4 5′-gattatcgataagcttgatatcgcagtcgaggctgatcagcggtttaaac
ttaagt-3′

Primer 5 5′-cagagatccagtttggttaatggcgattaagttgggtaacgccaggg-3’

Primer 6 5′-gctccatgtttttctaggtcgaacaaaagctggagctccaccgcg-3’

Primer 7 5′-cagagatccagtttggttaattaagcgccgggctcgagaaac-3’

Primer 8 5′-gattatcgataagcttgatatcgcattaagcttgtgccccagtttgctag-3’
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following day, cells were passaged back to a density of
0.12 × 106 cells per well to prepare for the next transduc-
tion. CIBN-dCas9-CIBN, gRNA-eGFP-Reporter, and 8x-
gRNA-eGFP-IRES-BFP were then individually trans-
duced in this manner.

Light activation
Twenty-four hours post-transfection, cells were activated
via 8 mm LEDs (465 nm, L.C. LED). LEDs were mounted
on a breadboard, and intensities and pulse frequencies
were regulated using an Arduino Uno microcontroller.
For all experiments, cells were illuminated with 1-s
pulses of light, with a pulse frequency of 0.067 Hz. Un-
less otherwise specified, LED intensities were 9.8 mW/
cm2. LED intensities were measured using an optical
power meter (1931-C, Newport). Samples in the dark
were wrapped in aluminum foil to ensure isolation from
light.

Flow cytometry
Cells were trypsinized (Gibco) and resuspended in cul-
ture medium. Following centrifugation at 300 rcf for 5
min at 4 °C, supernatants were discarded, and cell pellets
were resuspended in cold DPBS containing 1% FBS. A
488 nm laser was used for all flow cytometry analysis.
BD FACSCanto II was used to analyze LACE system

activity over 180 h. CytoFLEX S Flow Cytometer was
used for all other analytical cytometry experiments. Gat-
ing for eGFP-positive cells were performed such that >
99.9% of untransfected cells were excluded.
Astrios MoFlo EQ was used to sort single cells. Fol-

lowing the activation of serially transduced cells, cells
were activated with 465 nm light for 24 h. Cells with
eGFP fluorescence intensities in the top 0.1% of the
population were sorted into 96-well plates containing
cell culture medium. Surviving colonies were scaled up
to 12-well cultures before light-activation and flow cy-
tometry analysis.

qRT-PCR
RNA was extracted from LACE cells activated for 24 h
and from LACE cells that were activated, then deacti-
vated for 24 h, using Quick-RNA Miniprep Kit (Zymo
Research). Four hundered ng of RNA were used to pro-
duce cDNA using iScript cDNA Synthesis Kit (Bio-Rad).
qPCR reactions were set up using iTaq Universal SYBR
Green Supermix (Bio-Rad) and samples were run on a
Roche LightCycler 480. Relative quantifications were de-
termined using the Delta-Delta Ct Method [16]. As the
control gene, Actin was amplified using primers 9 and
10, and eGFP was amplified using primers 11 and 12
(Table 2).

Fitting eGFP MFI vs LED intensity and determining the
half-life of eGFP
Production of eGFP was modeled assuming a saturation
production rate model with first-order degradation and
a constant term for low expression that is observed in
the dark:

d G½ �
dt

¼ k1L
k2 þ L

− k3 G½ � þ k4 ð1Þ

[G] is the mean fluorescence intensity of eGFP, L is
the intensity of LED light, k1 and k2 are constants de-
scribing the saturation, k3 is the degradation rate con-
stant, and k4 is the constant for constitutive expression.
To fit the parameter scan for eGFP MFI vs. LED inten-
sity, the steady-state solution was used:

G Lð Þ½ � ¼
k1
k3

L

k2 þ L
þ k4
k3

ð2Þ

The equation was fit using fitnlm in MATLAB, yield-
ing k1 ¼ 14:4223 F

t , k2 ¼ 2:1342mW
cm2 , k3 = 1.0073 t−1, and

k4 ¼ 5:3509 F
t . F is fluorescence intensity of eGFP in ar-

bitrary units.
To calculate protein half-life, the time-dependent

equation was solved after setting L = 0 to apply the effect
of turning the LEDs off:

G tð Þ½ � ¼ k4
k3

þ G0½ � − k4
k3

� �
e − k3t ð3Þ

[G0] is the fluorescence intensity of eGFP at the time
the LEDs are turned off. Fitting this expression, it was
found that k1 ¼ 15:0000 F

t , k2 = 1.0000 mW/cm2, k3 =

1.2581 t−1, and k4 ¼ 6:2724 F
t . The degradation rate

constant, k3, is similar between both fits performed. The
half-life was then calculated with first order degradation
kinetics:

ln2
k3

¼ t1
2

ð3Þ

Table 2 Primer sequences for qRT-PCR

Primer Sequence

Primer 9 5′-gtcgtaccactggcattgtg-3′

Primer 10 5′-agggcaacatagcacagctt-3′

Primer 11 5′-gacaaccactacctgagcac-3′

Primer 12 5′-caggaccatgtgatcgcg-3’
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Using k3 values from the LED intensity and reversibil-
ity experiments, half-life of eGFP was determined to be
an average of 14.9 h.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12896-021-00670-1.

Additional file 1: Supplementary Figure S1. Percent eGFP-positive
cells and MFI plotted against gate threshold. Supplementary Figure
S2. qRT-PCR primer efficiencies. Supplementary Figure S3. Transient
and lentiviral expression constructs.
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