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flexible polymers such as polyethylene glycol (PEG) and unstruc-
tured proteins (Fig. 1a)11,12. Our sensor uses the FRET pair  
mCerulean (cyan fluorescent protein) and mCitrine (yellow fluo-
rescent protein), located at the N terminus and C terminus, respec-
tively, to probe the crowding-induced conformational changes of 
the whole protein. We included α-helical peptides as part of the 
conformationally flexible linker because we anticipated that these 
would induce larger changes in distance between the fluorophores 
than a random coil would13. Both fluorescent proteins contain the 
A206K mutation to minimize self-association14.

We characterized the purified sensor in detail in vitro. Upon 
excitation of mCerulean (420 nm), we observed a low mCitrine/
mCerulean (525-nm fluorescence/475-nm fluorescence) ratio of 
0.55 ± 0.04 (Fig. 1b). Titration of the sensor with the crowd-
ing agent Ficoll PM70 up to 40% (w/w) resulted in a decrease 
of the mCerulean fluorescence and an increase of the mCitrine 
fluorescence. It can be assumed that the fluorescence changes 
were due to a change in FRET efficiency; the spectra displayed 
isosbesticity, indicative of a single process, and were independent 
of sensor concentration (Supplementary Fig. 1), which argues 
against intermolecular effects. Furthermore, direct excitation of 
mCitrine (515 nm) yielded nearly identical spectra (525–600 nm) 
for the different Ficoll concentrations (Supplementary Fig. 2),  
which rules out self-quenching effects or changes in the sen-
sor concentration. Proteolytic cleavage of the linker eliminated  
FRET. We can rule out aggregation of the sensor because the subse-
quent addition of Ficoll did not restore the FRET (Supplementary 
Fig. 3). We did not observe notable changes in the FRET ratio 
when we tested sucrose, the Ficoll monomer, which ruled out 
the possibility of chemical interactions with the sugar moieties 
(Fig. 1b). This also means that changes in the refractive index 
were not the source of the FRET change upon crowding. The 
larger Ficoll PM400 showed an effect comparable to that of Ficoll 
PM70 (Fig. 1b).

The effect of crowding on the sensor was not exclusive to 
experiments with Ficoll; the synthetic polymer PEG caused 
a more pronounced increase in the FRET ratio than did Ficoll 
(Fig. 1c). Ficoll and PEG showed similar behavior at concen-
trations up to 20% (w/w) but deviated at higher concentrations; 
this can be explained by the fact that Ficoll is a compressible 
polymer and is likely to change shape at higher concentrations15, 
whereas PEG formed coacervates when concentrated in a salt-
containing solution (Supplementary Fig. 4). The sensor was also 
sensitive to crowding induced by bovine serum albumin (BSA) 
(Supplementary Fig. 5).

The volume excluded by crowding agents increased with 
 crowder size. We tested a range of PEGs with molecular weights 
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macromolecular crowding in cells influences processes such as 
folding, association and diffusion of proteins and polynucleic 
acids. direct spatiotemporal readout of crowding would be a 
powerful approach for unraveling the structure of the cytoplasm 
and determining the impact of excluded volume on protein 
function in living cells. here, we introduce a genetically 
encodable fluorescence resonance energy transfer (fret) sensor 
for quantifying macromolecular crowding and discuss our 
application of the sensor in bacterial and mammalian cells.

The cell is highly crowded with biomacromolecules, and the 
excluded volume influences processes such as diffusion, folding, 
conformation, and aggregation or association of proteins and poly-
nucleic acids1. The values reported for the total macromolecular 
content range from 50 to 400 mg ml−1 (refs. 2,3), depending on 
the type of cell. The crowding is estimated from the total biopoly-
mer volume fraction3 or inferred from the diffusion coefficient of 
a protein4. Estimates of the total biopolymer volume fraction of 
a cell might not reflect the actual crowding because biopolymers 
associate, aggregate and change shape as a result of crowding, 
which in turn alters the volume available. Such estimates also do 
not resolve local crowding differences. Determination of the diffu-
sion coefficient reveals insights into, for example, the organization 
and structure of the cytosol and the response of cells to osmotic 
stress or energy depletion5,6. However, diffusion is influenced not 
only by crowding but also by chemical interactions with cellular 
components7, by viscosity and by confinement imposed by, for 
example, nucleoid or membrane invaginations8. Hence, a probe 
for direct quantification of macromolecular crowding would be 
a useful addition to the toolbox for studying the physicochemical 
nature of the cytoplasm.

Here, we present a FRET-based sensor for direct determination 
of the crowding in a living cell. Genetically encoded FRET-based 
sensors are widely applied in vivo as, for example, small-molecule 
or force sensors9,10. We designed our new sensor to contain a 
conformationally flexible domain that adopts more condensed 
conformations when placed in a crowded environment, similar to 
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ranging from 0.2 to 35 kDa while keeping the weight percentage 
of PEG at 10% (Fig. 1d). We observed a clear trend of size depend-
ence, which leveled off at 6–10 kDa (Fig. 1d and Supplementary 
Fig. 6). We did not observe any further increases in the FRET 
ratio when we tested masses higher than ~10 kDa, likely 
because the hydrodynamic radii decreased in order to fit in the  
observed volumes.

For in vivo applications, small molecules and ions should not 
interfere with the sensor readout. The sensor was not sensitive 
to high concentrations of sodium chloride, potassium gluta-
mate, the zwitterionic-compatible solute glycine betaine or DNA 
(Supplementary Fig. 7). Also, increased viscosity induced by 
the addition of high concentrations of glycerol had no effect 

(Supplementary Fig. 8). The FRET ratio increased slightly with 
increasing temperature between 5 °C and 40 °C. Finally, pH values 
higher than 7 did not influence the readout, but pH values lower 
than 7 resulted in a decreased FRET ratio. Taken together, our 
results suggest that the sensor is sensitive only to the excluded 
volume induced by macromolecular crowding.

To determine the crowding in a living cell, we expressed the 
sensor in Escherichia coli and analyzed the cells by scanning con-
focal microscopy (Fig. 2a). We determined the mean FRET ratios 
after subtracting the background and fitting the distributions to a 
Gaussian (Supplementary Fig. 9). We averaged the mean FRET 
ratios and plotted these against the medium osmolality; the result-
ing plot showed a clear increase in FRET ratio with osmotic stress 

(Fig. 2b). We observed the same increase 
in FRET ratio when we stressed the cells 
with sucrose (Supplementary Fig. 10), 
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figure 1 | In vitro characterization of the crowding sensor. (a) Design and concept of crowding sensing. (b) Fluorescence emission spectra upon titration 
of the crowding sensor with Ficoll PM70 (left) and FRET ratio upon titration with sucrose, Ficoll PM70 and Ficoll PM400 (right). (c) Fluorescence emission 
spectra (left) and FRET ratio (right) upon titration of the crowding sensor with PEG 6000. The inset depicts the y-axis extended to include the 40% (w/w) 
data. (d) The FRET ratio versus the molecular weight of PEG (left) and versus the total PEG volume for 0.1 g PEG (corresponding to 10% (w/w) with 0.9 g 
buffer, right). The error bars represent s.d. over three independent measurements.
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figure 2 | Monitoring cytoplasmic crowding in 
living cells. (a) Confocal microscopy images of 
sensor expressed in E. coli cells. Cells that did 
not fluoresce contained plasmid without the 
sensor gene. Scale bar, 2.9 µm. (b) The means 
of the FRET ratio distributions of independent 
experiments are depicted as dashes and as a  
function of the medium osmolality (each 30–125  
cells); the circles mark the averages of these 
means. The error in the mean is 0.004–0.005. 
Ficoll equivalents are displayed on the right-
hand y-axis and were calculated using the 
calibration curve in supplementary figure 15. 
(c) Confocal microscopy images and ratiometric 
FRET of the sensor expressed in HEK293 cells in 
the presence or absence of sorbitol. Scale bar, 
63 µm. (d) FRET ratios of the sensor in HEK293 
cells versus time during osmotic upshift.  
Error bars are errors in the slopes of mCitrine 
versus mCerulean intensities of 10–50 cells.
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which indicated that the increase was due to osmosis and was not 
specific for salt. The sensor readout was reversible: resuspension 
of osmotically stressed cells in low-osmolarity medium restored 
the initial FRET ratios (Supplementary Fig. 11). Thus, the crowd-
ing sensor was functional in living cells, showing the expected 
increase in FRET ratio as the crowding increased because of an 
osmotic upshift.

We next aimed for a more quantitative analysis by calibrat-
ing the sensor in the microscope with Ficoll PM70 solutions of 
known concentrations (Supplementary Fig. 12). We found that 
the crowding values in E. coli grown in a standard MOPS minimal 
medium of 0.28 Osm were equivalent to those in 19% ± 3% Ficoll 
(Fig. 2b). By calculating the volume fraction of 19% (w/w) Ficoll, 
using a partial specific volume of Ficoll of 0.67 ml g−1 (ref. 16) and 
assuming that this volume does not change with increasing Ficoll 
concentration, we obtained a macromolecule volume fraction of 
0.13 ± 0.02 for E. coli, which is comparable to the value of 0.16 
obtained in bulk measurements of the biopolymers and volume 
assays by Konopka et al. for cells grown in the same medium17. 
The Ficoll equivalent increased to 30% ± 2% Ficoll when we used 
cells treated with 500 mM NaCl (1.2 Osm) (Fig. 2b).

The sensor was also functional in eukaryotic cells. We expressed 
the sensor in HEK293 cells (Supplementary Fig. 13) and imaged 
the cells by scanning confocal microscopy (Fig. 2c). The FRET 
ratio determined from the slope of the mCitrine versus the  
mCerulean intensity was 0.92 ± 0.01 (Supplementary Fig. 14), which  
was comparable to an ~20% (w/w) Ficoll equivalent as determined 
from in vitro calibration. A subsequent osmotic upshift induced 
by sorbitol led to a transient change in cell shape and increase in 
FRET ratio (Fig. 2c,d). The sensor readout was also reversible 
in eukaryotic cells; the addition of sorbitol in 175-mM incre-
ments led to the same values and recovery profile as when the 
cells were exposed to the corresponding total sorbitol concentra-
tions. Finally, to exclude mixing effects, we added a solution of 
isosmotic sorbitol and confirmed that it did not lead to a change 
in FRET ratio (Fig. 2c).

These results suggest certain important considerations. Because 
intracellular components are heterogeneous with respect to shape 
and size, the readout will be an averaged value, and it will also 
depend on the shape and size of the sensor. Furthermore, direct 
chemical interaction of cell components with the sensor18–20 and 
self-association or aggregation of the sensor can influence the 
readout. We designed the sensor to have minimal chemical inter-
actions, and it did not interact with any of the chemicals we tested 
in vitro. Even so, cells have a heterogeneous composition, and  
in vitro experiments will never perfectly mimic the in vivo situation.  
We note that upon osmotic upshift the percent Ficoll equivalent 
increased in a predictable manner with respect to the decrease 
in volume, which indicates that chemical interactions were not a 
major contributor (Supplementary Fig. 15). Self-association and 
aggregation are not likely, as we did not find evidence for either in 
in vitro experiments, nor did we observe fluorescent spots in the 
cells. However, more dynamic self-association processes in vivo 
cannot be ruled out. Importantly, we found that the concentra-
tion of Ficoll equivalents used to calibrate crowding in E. coli cells 
was close to the protein concentration determined in vivo by the 
Lowry method: 180 mg g−1 here versus ~220 mg ml−1 determined 
previously17, not including RNA, and a volume fraction of 0.13 
here versus 0.16 determined previously.

In conclusion, we report a FRET-based sensor for macromo-
lecular crowding that functions in bacterial and mammalian cells. 
We envision application of this sensor in, for example, real-time 
monitoring and determination of local differences in crowding 
within a cell. We anticipate that this sensor will be a useful tool 
for understanding the structure of the cytoplasm and cellular 
organelles.

methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The sensor gene sequence has been submitted 
to GenBank (Accession: KP399789 and KP399790).

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Gene expression and purification of the crowding sensor. The 
synthetic gene (Supplementary Note) encoding the crowding 
sensor in the plasmid pRSET-A was obtained from GeneArt. The 
plasmid was transformed into the E. coli strain BL21(DE3) pLysS 
(Promega). The cells were grown to an OD600 of 0.6 in TB medium 
(1.2% bactotryptone, 2.4% yeast extract, 0.4% (v/v) glycerol,  
1.4% (w/v) potassium phosphate, pH 7.5) with 1 mg/ml ampicillin 
at 30 °C, after which the cells were induced overnight with 0.1 mM 
isopropyl-β-d-thiogalactoside (IPTG) at 25 °C. The cells were 
spun down, resuspended in buffer (10 mM sodium phosphate 
(NaPi), 100 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride, 
pH 7.4) and lysed by tissue lyser. The lysate was cleared by cen-
trifugation, supplemented with 10 mM imidazole and purified 
by nickel–nitrilotriacetic acid Sepharose chromatography (wash/
elution buffer: 20/250 mM imidazole, 50 mM NaPi, 300 mM NaCl, 
pH 8.0). The sensor was further purified by Superdex 200 10/300 
GL size-exclusion chromatography (Amersham Biosciences) in  
10 mM NaPi, pH 7.4. The expression and purification were  
analyzed by 10% SDS-PAGE, and the bands were visualized by 
in-gel fluorescence and subsequent Coomassie staining. Fractions 
containing pure protein were aliquoted and stored at −80 °C.

In vitro characterization of the sensor. The highest purity of 
crowding agent (from Aldrich) was used. A 1.0-ml solution 
containing the crowding agent (Ficoll or BSA) in 10 mM NaPi,  
100 mM NaCl, 2 mg/ml BSA, pH 7.4, was placed in a quartz 
cuvette, and its fluorescence emission spectrum after excitation 
at 420 nm was recorded at 25 °C on a Fluorolog-3 (Jobin Yvon) 
spectrofluorometer. Subsequently, the sensor was added, mixed 
thoroughly by pipette and measured. A slit width of 3 to 5 nm was 
employed, depending on the intensity of the background and the 
fluorescence of the protein; the background spectrum from before 
the addition of the sensor was subtracted.

Confocal fluorescence microscopy of E. coli. E. coli strain 
BL21(DE3) pLysS containing the pRSET-A plasmid with the 
gene encoding the crowding sensor was inoculated from a glyc-
erol stock in 10 ml of filter-sterilized MOPS minimal medium21  
supplemented with 10 mM glucose. Ampicillin was not included. 
The culture was grown to OD600 = 0.1–0.2. In parallel, the same  
E. coli strain without the plasmid, functioning as a control and 
background, was grown to OD600 0.1–0.2. The crowding sensor– 
encoding cells were mixed with the control cells so as to obtain 
equal amounts of each type of cell. The combined cells were washed 
by centrifugation and resuspended in MOPS minimal medium 
with the desired amount of NaCl, in the absence of K2HPO4 and 
glucose to prevent adaptation of the cells. 10 µl of this mixture was 
added to a coverslip modified with (3-aminopropyl) triethoxysi-
lane. For imaging, the coverslip was mounted on a laser-scanning 
confocal microscope (Zeiss LSM 710), the crowding sensor was 
excited using a 405-mm LED laser, and the emission was split into 
a 450–505-nm channel and a 505–797-nm channel.

The fluorescence intensity of both channels for each cell was 
determined in ImageJ. The intensity of the control cells in the same 
picture was averaged for each channel and subtracted from the inten-
sities of the crowding sensor–expressing cells. This background 

fluorescence was usually 10% ± 5% of that of the sensor-expressing  
cells, in case of leaky expression (i.e., not induced with IPTG).  
The intensity of the 505–797-nm channel was divided by that of 
the 450–505-nm channel for every cell. The data were used to 
create a histogram, which was fitted to a Gaussian. Repeated mea-
surements of the same set of cells indicated that the spread in FRET  
ratios was both technical and biological, with the former being the 
greater contributor because of the limited pixel resolution.

The microscope was calibrated with Ficoll PM70 in 10 mM 
NaPi, 2 mg/ml BSA, pH 7.4. A 20-µl drop of the solution with 
the desired Ficoll concentration was placed onto an unmodified 
coverslip, and the beam was focused on the drop. The same micro-
scope settings (for example, zoom, scan rate and laser intensity) 
were used as in the in vivo measurements. Three pictures were 
taken of different locations in the same drop, and this was done 
for three different drops with sensor and three drops without the 
sensor for each crowder concentration. The intensities were deter-
mined in ImageJ for the complete picture, the values were aver-
aged and the average background intensity was subtracted from 
the intensity value obtained with the sensor. The 505–797-nm  
channel intensity was divided by the 450–505-nm channel, both 
corrected for the background.

Transfection and imaging of HEK293 cells. HEK293 cells (ATCC 
CRL-1573, tested for mycoplasma contamination) were cultured 
in DMEM (Gibco) supplemented with 10% (v/v) fetal calf serum,  
2 mM L-glutamine (Gibco), 100 units/ml penicillin (Invitrogen) 
and 100 µg/ml streptomycin (Invitrogen). For transfection 
experiments, HEK293 cells were plated in eight-well Labtek glass 
 chamber slides (Thermo Scientific) at 6 × 104 cells per well. One 
day after plating, the cells were transfected with plasmid DNA  
coding for the crowding sensor as follows: lipoplexes composed 
of 1.5 µl of Lipofectamine 2000 (Invitrogen) and 0.5 µg of the 
pcDNA 3.1 plasmid encoding the crowding sensor were prepared 
in 100 µl of serum-free DMEM, according to the manufacturer’s  
instructions. 25 µl of lipoplex solution was added per well and 
incubated for 4 h at 37 °C/5% CO2, after which the medium 
was refreshed. The next day, crowding-sensor expression in the 
HEK293 cells was analyzed by confocal fluorescence microscopy. 
For SDS-PAGE analysis of the crowding sensor, HEK293 cells were 
plated in a six-well plate at 2 × 105 cells per well and transfected 
with 3 µl of Lipofectamine 2000 and 1 µg of plasmid DNA.

The cells were imaged in eight-well Labtek glass chamber slides. 
The slides were mounted on a laser-scanning confocal microscope 
(Zeiss LSM 780), the crowding sensor was excited using a 405-nm 
LED laser, and the emission was split into a 450–505-nm channel 
and a 505–797-nm channel.

The fluorescence intensity of the cells was determined in ImageJ 
for each channel. The mCitrine intensity was plotted versus the 
mCerulean intensity for each cell. Linear fits with R2 > 0.99 were 
generally obtained. Cells with intensities higher than 20% of the 
maximum capacity of the detector were excluded from the analysis.  
The slope yielded the ratio and did not require measurement of 
the background signal.

21. Neidhardt, F.C., Bloch, P.L. & Smith, D.F. J. Bacteriol. 119, 736–747 
(1974).
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