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Macromolecular crowding (MMC) is a biophysical effect that governs biochemical processes inside and outside
of cells. Since standard cell culture media lack this effect, the physiological performance of differentiated and
progenitor cells, including extracellular matrix (ECM) deposition, is impaired in vitro. To bring back physi-
ological crowdedness to in vitro systems, we have previously introduced carbohydrate-based macromolecules to
culture media and have achieved marked improvements with mixed MMC in terms of ECM deposition and
differentiation of mesenchymal stem cells (MSCs). We show here that although this system is successful, it is
limited, due to viscosity, to only 33% of the fractional volume occupancy (FVO) of full serum, which we
calculated to have an FVO of approximately 54% v/v. We show here that full-serum FVO can be achieved using
polyvinylpyrrolidone (PVP) 360 kDa. Under these conditions, ECM deposition in human fibroblasts and MSCs
is on par, if not stronger than, with original MMC protocols using carbohydrates, but with a viscosity that is not
significantly changed. In addition, we have found that the proliferation rate for bone marrow-derived MSCs and
fibroblasts increases slightly in the presence of PVP360, similar to that observed with carbohydrate-based
crowders. A palette of MMC compounds is now emerging that enables us to tune the crowdedness of culture
media seamlessly from interstitial fluid (9% FVO), in which the majority of tissue cells might be based, to
serum environments mimicking intravascular conditions. Despite identical FVO’s, individual crowder size
effects play a role and different cell types appear to have preferences in terms of FVO and the crowder that this
is achieved with. However, in the quest of crowders that we have predicted to have a smoother regulatory
approval path, PVP is a highly interesting compound, as it has been widely used in the medical and food
industries and shows a novel promising use in cell culture and tissue engineering.

Introduction

The success of stem cell therapy for regenerative med-
icine and tissue engineering hinges on the culture con-

ditions in vitro that enable optimal growth and differentiation.
However, contemporary cell culture on polystyrene and
similar surfaces represents a significant departure from the
microenvironment in which cells normally grow in vivo. One
such deficiency of cell culture is the lack of macromolecular
crowding (MMC). MMC is a very important physiological
effect that is known to drive biochemical processes.1,2 The
interior of cells, whether bacterial, animal, or plant, and the

exterior of most cells of multicellular organisms, are highly
crowded by macromolecules such as proteins, carbohydrates,
lipids, and nucleic acids (reviewed in Chen et al.3). MMC
acts via the excluded volume effect (EVE), which arises from
the mutual impenetrability of soluble macromolecules.

According to EVE theory, the volume of solution that is
excluded to a particular molecule is dependent on the sum of
nonspecific steric hindrances (governed by size and shape)
and electrostatic repulsions (governed by electrical charge)
between the background macromolecules.4 Crowding is a
result of the reduction of the available solvent volume by a
macromolecule, which can be mobile or fixed.5 Crowding
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hinders solute diffusion, thereby increasing the effective
solute concentration. This, in turn, increases the chemical
potential of the solute. Crowding can, thus, shift reaction
equilibria and accelerate the rates of chemical reactions as
well as affect various processes such as intracellular trans-
port, signal transduction, and metabolism.4 It enhances
biochemical reactions such as enzymatic catalysis, supra-
molecular aggregation, and receptor-ligand interactions
(reviewed in Chen et al.3).

We previously introduced MMC into culture media to
reduce the disparity between the in vivo and in vitro stem
cell microenvironment. MMC empowers stem cells to
build their own extracellular matrix (ECM) microenvi-
ronment through the process of ECM deposition, which is
regulated by MMC by means of accelerating extracellular
proteolytic trimming of pro-collagen to collagen and fi-
brillogenesis of collagen and other ECM components, thus
intensifying ECM cross-linking and remodeling.6 This
system works for a variety of cell types3 and establishes a
positive feedback loop of dynamic cell-matrix reciprocity
that modulates differentiation and proliferation.6 To assess
the power of crowders in solution, a surrogate marker
known as fractional volume occupancy (FVO), which is
dependent on the hydrodynamic radii (RH) of the crowders,
is used.3

Our current protocol uses a mixture consisting of Ficoll
(Fc) 70 kDa and Ficoll 400 kDa3,6 with a total FVO of 18%
v/v. (The chemical structure of Ficoll is shown in Supple-
mentary Fig. S1; Supplementary Data are available online at
www.liebertpub.com/tec.) This FVO had been modeled af-
ter the albumin content in bone marrow.3 It has been suc-
cessful thus far, but here, we challenge Ficoll’s crowding
potential in enhancing the deposition of ECM proteins
collagen I, collagen IV, and fibronectin, by testing a range of
physiological FVOs. These FVOs have been determined by
calculating the total FVO of albumin, fibrinogen, and
globulin in blood plasma and interstitial fluid. We show that
the FVOs lies within a physiological range of 9% v/v to 54%
v/v. We have discovered that reducing the FVO of our Ficoll
mixture from 18% v/v to 9% v/v (the latter corresponding to
the FVO of interstitial fluid) strengthened the crowding ef-
fect significantly. We also demonstrate for the first time that
a noncarbohydrate single crowder species (as opposed to a
mixture), namely polyvinylpyrrolidone (PVP), when used at
a physiological FVO of 18% v/v for PVP 40 kDa and 54% v/
v for PVP 360 kDa, can also exert a crowding effect, which
is comparable or even superior to that of the Ficoll mixture
at an FVO of 18% v/v. (The chemical structure of PVP is
shown in Supplementary Fig. S2.) Differences in the
crowding effect among the crowders that were tested at
various physiological FVOs could, in part, be explained by
the interplay between the viscosity of the crowded solution
and the EVE. PVP can now be viewed as both a macro-
molecular crowder and a biomaterial for future use in tissue
engineering and expansion of progenitor cells in vitro.

Materials and Methods

Calculation of FVO

FVO is the fraction of the total volume occupied by
macromolecules. Calculations for estimating the FVO were
carried out as follows3:

(1) We calculated the volume of each macromolecule,
which is considered a sphere with RH as the hydro-
dynamic radius:

Volume of a sphere, V¼ 4=3pR3
H

[The hydrodynamic radii (RH) used in our calculations are
as follows: Ficoll 70 kDa = 4 nm; Ficoll 400 kDa = 8 nm;
PVP 40 kDa = 5.1 nm; PVP 360 kDa = 19 nm3,7].

(2) We calculated the number of macromolecules in
mass m:

The molecular weight (MW) of the macromolecule con-
tains Avogadro number of molecules.

Number of molecules in mass m, N¼m · 6:023 ·
1023 �MW

(3) We calculated the FVO, FVO¼V · NV · 100%.,

where NV is the number of particles per total volume.
Plasma and interstitial serum comprises the following

major serum proteins: albumin, globulins, and fibrinogen.
Globulins are divided into four sub-groups: alpha-1, alpha-2,
beta, and gamma. Each globulin subgroup further comprises a
variety of proteins (Supplementary Table S1). Based on the
known MWs and hydrodynamic radii (RH) of the various
proteins in each globulin subgroup, we obtained an average
MW and RH for each of the four globulin subgroups. The
hydrodynamic radius, MW, and percentage concentration of
fibrinogen and albumin in plasma serum have been previ-
ously reported.7 The percentage concentration of the indi-
vidual globulin subgroups in plasma is derived from the
concentration ranges of the globulins in blood and the theo-
retical proportion of albumin: globulin, that is, 60:35 (Table
1). It has been previously reported that the total concentration
of proteins in plasma is estimated to be five times more than
that in interstitial fluid.8 Hence, the percentage concentration
of the individual serum proteins in interstitial fluid is assumed
to also be five times less than that in plasma (Table 2).

Preparation of crowder solutions

Solutions of macromolecules spanning a wide range of
concentrations were prepared in Hanks balanced salt solution
(HBSS; Gibco). HBSS was the buffer of choice, because
it mimics physiological electrolyte concentrations and pH.
The macromolecules used were Ficoll 70 kDa (GE Health-
care), Ficoll 400 kDa (GE Healthcare), PVP 40 kDa (Sigma-
Aldrich), and PVP 360 kDa (Sigma-Aldrich). The Ficoll
crowding mixture was prepared fresh by dissolving Ficoll 70
and Ficoll 400 in HBSS according to the concentrations

Table 1. FVO of Proteins in Blood Plasma

Protein
% in

plasma

Protein
concentration

(mg/mL)
FVO

(% v/v)

Albumin 60.00 80.00 18.72
a1 Globulin 1.81 2.41 1.32
a2 Globulin 9.04 12.05 7.77
b Globulin 10.84 14.45 3.29
g Globulin 13.25 17.67 8.35
Fibrinogen 4.00 5.33 5.20

Total FVO: 44.65% v/v& 45% v/v.
FVO, fractional volume occupancy.
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shown in Table 3, in order to achieve the desired FVOs of 9%
v/v, 18% v/v, 36% v/v, and 54% v/v. PVP solutions were
prepared fresh by dissolving either PVP 40 kDa or PVP
360 kDa in HBSS according to the concentrations shown
in Table 3 so as to achieve the desired FVOs of 9% v/v,
18% v/v, 36% v/v, and 54% v/v.

Collagen aggregation assay

To quantify the rate of collagen I fibril formation, a tur-
bidity assay was performed. The turbidity read-out system is
dependent on the concentration of the collagen I solution. A
standard noncrowded bovine collagen I solution was pre-
pared at 1.5 mg/mL (Koken) in phosphate-buffered saline
(PBS) at room temperature (25�C). The crowded collagen I
solution was prepared by adding the Ficoll mixture, PVP
40 kDa, or PVP 360 kDa at their FVOs of 9% v/v, 18% v/v,
36% v/v, and 54% v/v to the standard noncrowded solution.
The amount of collagen I fibril formation was measured
using a Tecan microplate plate reader (Magellan) at an
absorbance of 313 nm over a period of 120 min. The rate of
collagen I fibril formation was calculated as the gradient of
the steep portion of the absorbance-time graph and the fold
change obtained by dividing each rate with the rate of the
control (absence of crowding). PVP 40 kDa at 54% FVO,
PVP 360 kDa at 54% FVO, and the Ficoll mixture at 18%
FVO in the absence of collagen did not affect the absor-
bance reading over time (Supplementary Table S2).

Cell culture

Human bone marrow mesenchymal stem cells (MSCs)
(passage 5–8; Lonza) and human dermal fibroblasts (HDFs,
passage 5–8; Lonza) were seeded on 24-well plates at
10,000 cells/well in high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM; Gibco) that was supplemented with
10% fetal bovine serum, 100 units/mL penicillin, and
100 mL/mL streptomycin, at 5% CO2 and 37�C.9 After 24 h

of attachment, the culture medium was changed to crowding
media containing Ficoll mixture, PVP40, or PVP360 with
FVOs of 0% v/v, 9% v/v, 18% v/v, 36% v/v, and 54% v/v
(concentrations stated in Table 1) in high-glucose DMEM
that was supplemented with 10% FBS, 100 units/mL peni-
cillin, 100 mL/mL streptomycin, and 100mM of l-ascorbic
acid 2-phosphate10). To observe changes in fibronectin de-
position, cells were fixed and stained after a total of 3 days
of crowding. To observe changes in proliferation and col-
lagen I and IV deposition, cells were fixed and stained after
6 days of crowding (with one medium change after 3 days).

Immunocytochemistry

Cell layers were fixed with methanol, blocked with 3%
bovine serum albumin in PBS for an hour, and then incubated
with mouse anti-human collagen I monoclonal primary an-
tibody at 500 · dilution (Sigma-Aldrich) or rabbit anti-human
fibronectin polyclonal primary antibody at 100 · dilution
(Dako) or rabbit anti-human collagen IV polyclonal primary
antibody (Abcam) at 500 · dilution for 90 min. The cell layer
was washed thrice with PBS and incubated with the AlexaFluor
594 goat anti-mouse or AlexaFluor 488 goat anti-rabbit sec-
ondary antibody at 400 · dilution for 60 min (Invitrogen). Cell
nuclei were stained with 4¢,6-diamidino-2-phenylindoldilactate
(DAPI, 0.5 mg/mL) for 60 min.

Method of quantification of matrix deposition
and nuclei count

Adherent fluorescent cytometry was based on a montage
of nine sites per well taken by a coolSNAP HQ camera
attached to a Nikon TE2000 microscope at 2 · magnifica-
tion, covering 83% of the total well area. AlexaFluor 594
was viewed under a single rhodamine filter (Ex 572 nm/Em
630 nm), while DAPI fluorescence was obtained with a
single DAPI filter (Ex 350 nm/Em 465 nm). Images of
DAPI-stained monolayers were scored under the ‘‘count
nuclei’’ module with the parameters: 10 min, 15 max and 10
diameter and were thresholded, and protein deposition was
measured by an image analysis software (MetaMorph
6.3v3). The extent of collagen I, collagen IV, and fibronectin
deposition was quantified by area of AlexaFluor 594 or 488
fluorescence from thresholded events, then normalized to
nuclei count based on detected DAPI fluorescence. The area
measurements were imported into Microsoft Excel, and the
mean – SD of the areas was calculated (3).

Sodium dodecylsulphate–polyacrylamide
gel electrophoresis

Protein samples were separated under nonreducing con-
ditions using 5% resolving/3% stacking polyacrylamide gels

Table 2. FVO of Proteins in Interstitial Fluid

Protein

% in
interstitial

fluid

Protein
concentration

(mg/mL)
FVO

(% v/v)

Albumin 60.00 16.00 3.74
a1 Globulin 1.81 0.48 0.26
a2 Globulin 9.04 2.40 1.55
b Globulin 10.84 2.88 0.66
g Globulin 13.25 3.52 1.67
Fibrinogen 4.00 1.06 1.04

Total FVO: 8.93% v/v& 9% v/v.

Table 3. Concentration of Ficoll and PVP Crowders at Various FVOs

FVOycrowder 9% v/v 18% v/v 36% v/v 54% v/v

Ficoll (Fc) mixture (mg/mL) Fc70: 18.75 Fc70: 37.5 Fc70: 75 Fc70: 112.5
Fc400: 12.5 Fc400: 25 Fc400: 50 Fc400: 75

PVP360 (mg/mL) 1.89 3.78 7.56 11.34
PVP40 (mg/mL) 10.75 21.5 43 64.5

PVP, polyvinylpyrrolidone.
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as outlined in.11 Protein bands were stained with the Sil-
verQuest� kit (Invitrogen).

Viscosity measurements

The viscosity of the crowder solutions was measured using
a Brookfield DV-II + cone-and-plate viscometer (Brookfield
Engineering Laboratories, Inc.) at room temperature.

Determination of the polydispersity index of PVP
crowder solutions

The polydispersity index (PdI) was measured by means of
dynamic light scattering (DLS). DLS was performed using
the Zetasizer nano ZS (Malvern Instruments). PdI is a di-
mensionless measure of the broadness of the size distribu-
tion calculated from the cumulants analysis. In the Zetasizer
software, it ranges from 0 to 1. PdI values can be interpreted
as follows (Malvern): < 0.08: Nearly monodisperse sample.
Usually, DLS can only give a monomodal distribution
within this range; 0.08–0.7: Mid-range value of PdI. It is the
range over which the distribution algorithms operate best;
and > 0.7: Indicates a very broad distribution of particle
sizes. Temperature was set to a range of 5�C–40�C, and
sample temperature was equilibrated for 5 min before
measurements. PdIs were calculated from three series of
repeated measurements, with each series containing at least
14 individual measurements (as determined by the Zetasizer
software). Dispensable cuvettes used for the measurements
were rinsed with the corresponding buffer before use, and
samples were thoroughly vortexed before loading.

Statistical analysis

Quantitative assays were analysed using ANOVA and the
post hoc Bonferroni (Origin Pro 8.0) in order to compare
mean values at a significance level of 95% ( p = 0.05). The
data were presented as mean – SD with a p < 0.05.

Results

Calculation of FVO; PdI of PVP crowder solutions

We have calculated the FVO for blood plasma (Table 2)
and interstitial fluid (Table 3). The calculated physiological
FVOs range from 9% v/v in interstitial fluid to 45% v/v in
blood plasma, thus yielding a total FVO of 54% v/v in the
extracellular environment. In this study, the crowding effect
of the single crowders PVP40 and PVP360 and the previ-
ously established Ficoll mixture (i.e., Ficoll 70 kDa + Ficoll
400 kDa)3,12 have been tested at (physiological) FVOs 9%,
18%, 36%, and 54%.

We have also determined the PdI for solutions of PVP
40 kDa and PVP 360 kDa to be 0.304 and 0.368, respec-
tively (Table 4).

Crowding drives collagen aggregation in the absence
of cells

In the presence of the Fc mix, the rate of collagen fi-
brillogenesis peaked at 9% v/v FVO (2.15 – 0.06-fold in-
crease; Table 5). Thereafter, it decreased as the FVO of the
Fc mix increased from 18% to 54%. In the presence of
PVP40, the rate of collagen fibrillogenesis peaked at a
higher FVO of 18% (3.78 – 0.50-fold increase) and subse-

quently decreased with increasing FVO. In contrast, a dose-
dependent increase in rate of collagen fibrillogenesis was
observed throughout the physiological FVO range with
PVP360, reaching a peak at an FVO of 54% (2.76 – 0.35-
fold increase).

Ficoll mixture and PVP increase collagen I, IV,
and fibronectin deposition in ECM

With Ficoll mixture, maximal collagen I and IV deposi-
tion per cell was achieved at an interstitial fluid FVO of 9%
v/v. At this FVO, collagen deposition per cell is observed to
be > 200% better than the current crowding concentration of
FVO 18% v/v (Figs. 1A and 2A and Supplementary Figs. S3
and S4). Interestingly, we observed differential effects of
Ficoll crowders on collagen and fibronectin deposition. For
fibronectin deposition, both 9% and 18% FVOs performed
similarly well (Supplementary Fig. S4), with the Fc mix at
18% FVO providing a 10% increase in fibronectin deposi-
tion compared to 9% FVO.

Differential effects of PVP40 crowders on matrix depo-
sition have also been observed. With PVP40, maximal
collagen I deposition per cell was achieved at an FVO of
18% (Figs. 1A and 2A); collagen IV deposition per cell at an
even higher 54% FVO; and fibronectin deposition per cell at
36% FVO; (Supplementary Figs. S4 and S5). However,
using PVP40 at 54% FVO, collagen I deposition was sig-
nificantly inhibited (Figs. 1A and 2A) for both cell types,
which may, in part, contribute to the significant decrease in
cell proliferation.13

Interestingly, differential effects of PVP360 crowders
on matrix deposition were not apparent within the phys-
iological 0–54% FVO range. Collagen I, collagen IV,
and fibronectin deposition increased in a dose-dependent
manner, achieving maximal matrix deposition at an FVO
of 54% v/v (Figs. 1A and 2A and Supplementary Figs.
S3–S5).

A sodium dodecylsulphate–polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis of the cell layer that had

Table 4. The Polydispersity Index of Solutions

of PVP 40 kDa and PVP 360 kDa

Crowder Polydispersity index

PVP40 0.304 – 0.004
PVP360 0.368 – 0.002
Fc70 0.224 – 0.014
Fc400 0.240 – 0.011

Table 5. The Rate of Collagen Fibrillogenesis

Under Crowding Relative to Uncrowded

Conditions (FVO 0% v/v)

MMCyFVO
(% v/v) 0 9 18 36 54

Ficoll mixture 1 2.15 – 0.06 < 1 < 1 < 1
PVP 360 kDa 1 1.78 – 0.13 1.85 – 0.35 2.06 – 0.46 2.76 – 0.35
PVP 40 kDa 1 1.97 – 0.15 3.78 – 0.50 3.12 – 0.38 < 1

MMC, macromolecular crowding.
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been treated with Fc mix 9%, PVP40 18%, and PVP360
54% revealed cross-linked collagen footprints with higher
MW collagen I bands, that is, b and g bands, thus indicating
the formation of a stable collagen matrix (Fig. 3).

Cell proliferation under crowding with the Ficoll mixture
and PVP solutions

With the Fc mix, both HDFs and human mesenchymal
stem cells (hMSCs) proliferation rates were significantly
higher at 9% and 18% FVO. At 36% FVO, the Fc mix
appeared to inhibit cell proliferation and 54% caused cell
death after the first day of crowding (Supplementary Fig.
S6). In the presence of PVP40, a significant increase in the
proliferation rate of HDFs was observed under crowding
with 9%, 18%, and 36% (Figs. 1B and 2B). However, 54%
of PVP40 appeared to inhibit HDF proliferation. The pro-
liferative effects of PVP40 appeared to be cell-type depen-
dent, with no enhanced proliferation rate of hMSCs
observed throughout the physiological FVO range. In fact, a
decrease in hMSC proliferation rate at FVO 36% and 54%
was observed. In contrast, the proliferation rates of both cell
types increased throughout the physiological FVO range
under crowding with PVP360 (Figs. 1B and 2B). No cell

death was observed throughout the 7-day incubation period
at 54% of PV40 and PVP360 (Supplementary Fig. S6).

Viscosity measurements for the Ficoll mixture
and PVP solutions

Increasing the concentration of crowders increases the
viscosity of the solution. Figure 4 shows that the viscosity of
PVP40 and PVP360 solutions increases linearly with in-
creasing FVO concentration, whereas that of the Ficoll mix-
ture was observed to increase exponentially. The viscosities
of PVP40 and PVP360 solutions with FVOs of 9% v/v to 54%
v/v and of Ficoll mixture with FVOs from 9% v/v to 36% v/v
were observed to fall within physiological blood viscosity of
healthy adults, that is, < 5.5 cP.14 However, the viscosity of
the Fc mix at 54% v/v was 15 cP and is thrice higher than the
physiological blood viscosity.

Discussion

MMC is emerging as a valuable biophysical tool in tissue
engineering that facilitates microenvironment formation by
cultured cells3 and stabilizes or drives differentiation.6 An
important parameter that is used to assess the degree of
crowding is the FVO. Ideally, a fractional occupancy should

FIG. 1. The effect of fractional volume occupancies (FVOs) from 0% v/v to 54% v/v of the Ficoll mixture, poly-
vinylpyrrolidone (PVP) 360 kDa and PVP 40 kDa on (A) collagen I deposition and (B) proliferation of human dermal
fibroblasts (HDFs). *p < 0.05, **p < 0.01 versus controls. Data are expressed as mean – SD, calculated from triplicates.
Corresponding immunocytochemistry (ICC) images in (A) show collagen I deposition in red counterstained with 4¢,6-
diamidino-2-phenylindoldilactate (DAPI) for cell nuclei in blue. Color images available online at www.liebertpub.com/tec
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be chosen that corresponds to the natural environment of
the cell type which is to be cultured. Here, we used the FVO
of interstitial fluid and blood plasma, respectively, as ref-
erence points. We had originally reported effective FVOs
for in vitro crowding ranging from 5.2% v/v for dextran
sulphate (DxS) 500 kDa to 18% v/v for a mixture of Ficoll
70 kDa and Ficoll 400 kDa (called the ‘‘Fc mix’’). Nega-
tively charged DxS is a potentially ideal crowder, because it
combines the effects of both steric repulsion and electro-
static repulsion. However, its uses are limited, as it inter-
feres with the action of growth factors due to direct binding3

(unpublished data). As an alternative, we developed the
concept of mixed MMC with neutral components,3,15 which
we found to be efficacious at an FVO of 18% v/v, which
corresponds to the FVO of albumin in bone marrow,3,6 and
so was designed to partially model the perfused bone mar-
row niche.

Here, we present new FVO calculations which suggest
that the Fc mix at an FVO of 18% v/v represents only half of
a (theoretical) total FVO of plasma but overshoots that of
interstitial fluid by 100%. When we attempted to emulate
plasma FVOs with the Fc mix, both microenvironment
formation and cell proliferation were compromised due to
the high viscosity of the Fc mix. Interestingly, reducing

FVO of the Fc mix to that of interstitial fluid at 9% v/v
potentiated the MMC effect and resulted in enhanced col-
lagen I deposition. Considering that most cell types are not
in direct contact with plasma but with interstitial fluid, these
findings explain the particularly beneficial effects on fibro-
blasts which we have observed. In addition, we report the
novel finding that the formerly clinically used plasma ex-
pander PVP360 shows a broad bandwidth as a neutral
crowder to achieve FVOs in the physiological range of 9–
54% (which agrees with plasma and interstitial FVOs) while
keeping the viscosity low. The amplified ECM deposition
under PVP360 crowding was scalable to 54%, where it
showed a maximum and surpassed deposition amounts seen
with the Fc mixture. The efficacy of PVP40 peaked at 18%
FVO. The results of the cell-free collagen I fibrillogenesis
assays were in good agreement with the collagen I deposi-
tion results. PVP40, PVP360, and the Fc mix at respective
FVOs of 18%, 54%, and 9% caused the greatest increase in
the rate of spontaneous collagen I fibril assembly (Table 5).

The individual PdIs of PVP40 and PVP360 are higher
than the individual PdIs of Fc70 and Fc400. The Fc mix,
however, contains two different sizes of Ficoll and, as a
result, the effect on ECM deposition is more pronounced
because of mixed MMC.3 The increased ECM deposition

FIG. 2. The effect of FVOs from 0% v/v to 54% v/v of the Ficoll mixture, PVP 360 kDa and PVP 40 kDa on (A) collagen
I deposition, and (B) proliferation of human mesenchymal stem cells (hMSCs). *p < 0.05, **p < 0.01 versus controls. Data
are expressed as mean – SD, calculated from triplicates. Corresponding ICC images in (A) show collagen I deposition in red
counterstained with DAPI for cell nuclei in blue. Color images available online at www.liebertpub.com/tec
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that we have observed in our study with PVP is likely due to
the moderate polydispersity of PVP40 and PVP360. It has
been recently suggested that excluded volume depends on
polydispersity and that the greater the polydispersity, the
greater will be the ECM deposition.16

The difference in the effects on collagen I, IV, and fibro-
nectin matrix deposition between PVP40 and PVP360 could
be due to the interplay between EVE and viscosity. Viscosity
is known to play a major role in protein association. The
higher the viscosity, the slower the diffusion rate and this
would decrease the kinetics of diffusion-controlled reactions,
such as collagen aggregation and deposition. The overall
effect on matrix deposition would, thus, depend on the net
effect of the presence of crowders, which itself depends on
the tradeoff between EVE and viscosity. High viscosity can
also limit cytoskeleton assembly, cell mobility, and cellular
proliferation.17 We have found that the viscosity of Fc mix at
54% FVO is approximately four times higher than that of
PVP360 at the same FVO (15 cP vs. 3.6 cP). With the Fc mix
at 54% FVO, HDFs and hMSCs were not able to survive.
This could be due to the extremely high viscosity of the Fc
mix, which is approximately thrice that of the blood viscosity
in a healthy normal adult. According to EVE theory, the
excluded volume is dependent on the hydrodynamic radii

FIG. 3. Silver staining after
pepsin digest of collagen se-
creted by hMSC in media
and cell layers after (A) 2
days and (B) 7 days of
crowding: No crowding; Fi-
coll mixture 9% v/v (i.e.,
Ficoll mixture of 70 and
400 kDa at a combined FVO
of 9% v/v), PVP 360 kDa at
an FVO of 54% v/v, and PVP
40 kDa at an FVO of 18%
v/v. Accumulation of high
amounts of PVP 360 kDa and
PVP 40 kDa in the media was
observed to impair migration
of proteins in the gel.

FIG. 4. Viscosities of solutions of PVP and the Ficoll
mixture. Viscosities were measured in an FVO range of 9–
54% v/v. Within this range, the viscosity of the Ficoll
mixture differed considerably from that of PVP 40 kDa and
PVP 360 kDa. The Ficoll mixture viscosity was higher than
that of PVP40 and PVP360 at FVOs of 18% and higher.
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(RH) of the macromolecules.4 The RH of PVP40 is 5.1 nm and
that of PVP360 is 19 nm,7 which translates to an approximate
50 times difference in volume. PVP360 would exclude more
volume to collagen I than PVP40, leading to more deposition.
If higher physiological FVOs (e.g., 36% and 54%) are re-
quired in a particular in vitro system, PVP360 would be the
crowder of choice based on our analysis. At these higher
FVOs, the EVE of PVP360 would be expected to outweigh
the corresponding increase in its viscosity. With PVP40 and
Fc mix, however, the increase in viscosity would appear to
outweigh EVE. These observations confirm predictions made
by theoretical studies1).

EVE has been reported to enhance the formation of ECM
by increasing lysyl oxidase activity, resulting in an enhanced
presence of collagen crosslinks.9 We have observed in our
SDS-PAGE analysis that the addition of PVP40 or PVP360
within the first 2 days during the culture of hMSC was able to
reduce the amount of pro-collagen I in the culture medium
and enhance the amount of cross-linked (i.e., processed)
collagen molecules deposited within the cell layer.

Among the three types of MMCs used in our 2D in vitro
culture, the synthetic carbohydrate Ficoll had the most sig-
nificant overall efficacy in enhancing matrix deposition at
low FVOs of 9% v/v or 18% v/v. However, crowding using
Ficoll has its limitations due to (1) high cost and (2) a
limited range of physiological FVOs with physiological
viscosities. The existing crowdedness of a 2D and 3D
in vitro culture system can be different. Using the existing
2D-crowding protocol with Ficoll 18% v/v may not be the
optimum crowding method to maximize ECM deposition in
a 3D environment.18 These limitations may be addressed
with our proposed low-cost PVP360 system. PVP360 offers
(1) a physiological viscosity in the entire range of physio-
logical FVOs tested; (2) a strong EVE due to its large hy-
drodynamic radius, which (3) increases matrix deposition in
a dose-dependent manner. These three factors could explain
the enhanced proliferation of both HDFs and hMSCs that we
have observed. We have previously observed that MSCs
proliferate faster on an enriched matrix which had been laid
down under MMC conditions3 Using a low molar concen-
tration of PVP360, we are able to achieve a high FVO and a
physiological viscosity. When applying MMC to cell cul-
ture, we would aim at minimizing the molar concentration
of the crowder and its viscosity while maximizing the FVO.
We have shown here that this is possible with PVP360.

In comparison with Ficoll, PVP is not biodegradable.
PVP40 has been shown to be uptaken and released via pi-
nocytosis by macrophages,19 but the fate of PVP in other
cell types such as hMSC and HDF has yet to be reported.
Nonetheless, PVP of approximately Mw 360 kDa (Povidone
K90) has been approved by FDA for use in both the food
and pharmaceutical industry.20–22 Although PVP360 is not
known to be excreted by kidneys,23 FDA has considered
PVP as generally safe for human’s daily intake since 196620

with wide ranging uses from tablet binders for daily sup-
plements, formulations of antibiotics, chemotherapeutic
drugs, and ophthalmic and topical solutions, used as a de-
toxifying agent in many toxic compounds to form nontoxic
complexes, to its presence in various processed food. We
envision that it can now take on a new role as a macro-
molecular crowder. It is nontoxic, stable, able to fulfill good
manufacturing practice requirements, and cost effective.

Conclusions

The formerly clinically used plasma expander PVP is a
novel addition to the toolbox of MMC in tissue culture. It is
efficacious as a polydisperse crowder and enables a broad
bandwidth of FVOs to emulate different extracellular en-
vironments. Since MMC effects are not fully understood at
this point of time, a certain degree of titration is advisable to
obtain the maximum performance of specific cell types.
However, current data suggest the application of Ficoll
mixed MMC at 9% to 18% FVO, PVP40 for approximately
18% FVO, and PVP360 for approximately 54%.
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