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Abstract: Chemical modification of nanoparticles or particlelike systems is ubiquitously being used to
facilitate specific pharmaceutical functionalities or physicochemical attributes of nanocrystals, proteins,
enzymes, or other particlelike systems. Often the modification process is incomplete and the functional
activity of the product depends upon the distribution of functional ligands among the different particles in
the system. Here, the distribution function describing the spread of ligands in particlelike systems undergoing
partial modification reactions is derived and validated against a conjugated enzyme model system by use
of matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF). The distribution
function is shown to be applicable to describe the distribution of ligands in a wide range of particlelike
systems (such as enzymes, dendrimers, or inorganic nanocrystals) and is used to establish guidelines for
the synthesis of uniformly modified particle systems even at low reaction efficiencies.

Introduction

Much of the promise of emerging technologies involving
nanoparticlelike systems is related to the ability to modify the
surface of a particle entity in order to facilitate a specific
functionality such as site-selective binding, biocompatibility, or
other desired physico- and biochemical properties.1-3 In general,
the required functionality is not readily available after prepara-
tion of the primary particle species but has to be introduced by
means of subsequent chemical modification. For example, the
preparation of inorganic and organic nanoparticles for thera-
peutic and diagnostic purposes typically involves the coupling
of site-specific docking groups such as monoclonal antibodies
or biocompatible polymer chains onto the particle surface.4-7

Similarly, the conjugation of polymers such as poly(ethylene
glycol) (PEG) to “biological nanoparticles” such as proteins,
enzymes, or viruses is widely being used to improve the
pharmacokinetics and stability of novel therapeutic agents.8

Often the chemical reaction that is fundamental to the coupling
process is incomplete and results in only partial functionalization
of the available sites.9-11 Under these circumstances, knowledge
of the distribution of reacted sites among the various particles
is highly desirable, since a particle system in which the number
of functional ligands is narrowly distributed about the average
value can differ dramatically in its activity from a corresponding
system with a broader diversity of functionalized particles.12,13

Understanding of the statistical characteristics of site distribu-
tions in chemical modification processes involving particlelike
species is thus a critical prerequisite for the realization of tailored
particle-based technologies. However, although the relevance
of site distributions in determining particle functionality has been
widely recognized (in particular in the biomedical domain), to
date only qualitative understanding about the nature of distribu-
tions associated with incomplete coupling reactions has been
achieved.14,15 This can be attributed both to the experimental
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challenge of differentiating particle species with minor differ-
ences in the number of reacted sites in a mixed particle system
and to the lack of mechanism-based statistical models to predict
and evaluate site distributions. In this paper we derive an
analytical expression that captures the site distribution associated
with incomplete modification reactions of particle systems using
a kinetic analysis of the generic reaction process. The distribu-
tion is shown to exhibit excellent agreement with experimental
data on conjugated enzyme model systems (as well as literature
data on various other particlelike systems) and to provide
guidelines for the synthesis of uniformly modified particle
systems even at low reaction efficiencies.

Results and Discussion

Theoretical Description of Ligand Distributions. In the follow-
ing discussion the term “particle” will be used to represent a
generic particlelike entity such as an inorganic nanocrystal,
dendrimer, protein, enzyme, or virus with a given number of
reactive sites gmax exposed at the “particle surface”. These
particles are assumed to undergo a chemical modification
process during which “functional ligands” are being bound to
the particle surface (in reality these functional ligands could
correspond to, for example, biocompatible polymer chains or
residues for site-specific binding). The number of ligands bound
to the particle surface at any given instant is denoted g. Particle
and modification process are assumed to fulfill the following
conditions: (1) the total number of reactive sites capable of
binding a functional ligand per particle surface (gmax) remains
constant during the course of the reaction. (2) The modification
occurs by a sequence of kinetically identical coupling reac-
tions.16 (3) Each coupling step is considered irreversible. (4)
The ligand species is present in excess quantity such that its
concentration can be considered constant. Figure 1 illustrates
the modification process that will be analyzed in the following
section.

In the trivial case of highly efficient modification reactions,
each step of the reaction sequence can be considered complete,
thus resulting in a fully functionalized particle product. However,
in the (more typical) case of incomplete reactions, a distribution
of the number of functional ligands among the various particles
in the system is expected. In the latter case the total efficiency
ε of the modification process may be defined as ε ) 〈g〉/gmax,

where 〈g〉 denotes the average number of functional ligands per
particle after completion of the modification process (ε , 1 for
incomplete modification processes). The distribution of func-
tional ligands among the various particles in the system may
be derived from an analysis of the reaction sequence illustrated
in Figure 1. Let N1, N2, N3, etc., denote the number of particle
species that possess zero, one, two, etc., functional ligands
coupled to the particle surface. By use of this notation, the rate
of consumption of (pristine) particle species N1 from the reaction
system can be written as

The rate is proportional to gmax, the number of available reactive
sites before modification as well as the kinetic constant k that
will depend on the conditions of the reaction (such as temper-
ature or solvent). The solution to the problem of ligand
distributions is independent of the detailed nature of k, provided
that k is identical for each step of the reaction sequence.
According to assumption 2, the rate describing the formation
of (monofunctionalized) particle species N2 is then given as

where the first term describes the rate of formation of N2 from
N1 and the second term describes the rate of consumption of
species N2 in the process of formation of N3. Note that the rate
of consumption of a particle species is proportional to the
respective number of available reactive sites and decreases with
each functional ligand that is being coupled to the particle
surface. In general, the rate of formation of a particle with g
functional ligands will thus be given as

From the reaction sequence shown in Figure 1 (in conjunction
with assumption 1 above), it follows that the total rate of
disappearance of reactive sites is given by -(ds/dt) ) k ∑g[(gmax

- g)Ng+1] ) knp(gmax - 〈g〉) = knpgmax, where s denotes the
number of reactive sites at any given time, np is the total number
of particles in the system, and the last relation requires that the
modification is inefficient as described above (the latter restric-
tion is not severe, as the result will be shown to be appropriate
for efficiencies in excess of 40%). Defining the ratio of reacted
sites at time t to the total initial number of sites as ν ) -∆s/
(npgmax) allows for a change in variables with dν ) k dt.17 As
will be shown below, ν is related to the efficiency of the
modification reaction via ν ) -ln (1 - ε) or, in the limit of
small reaction efficiencies, ν = ε.

Equations 1, 2, etc., can be solved under the assumption that
at time t ) 0 the number of pristine particle species N1 equals
the total number of particles in the system np. For example,
integration of eq 1 yields N1 ) np exp[-gmaxν]. This result can
be used to obtain the solution of eq 2 as N2 ) gmaxnp

exp[-gmaxν](exp[ν] - 1). Successive repetition of this process
and substitution of the results yields the final expression for
the normalized frequency of particles with g functional ligands

(15) Mullen, D. G.; Desai, A. M.; Waddell, J. N.; Cheng, X.; Kelly, C. V.;
McNerny, D. Q.; Majoros, I. J.; Baker, J. R., Jr.; Sander, L. M.; Orr,
B. G.; Banaszak Holl, M. M. Bioconjugate Chem. 2008, 19, 1748–
1752.

(16) This assumption will not be entirely satisfied if reactive sites are in
close proximity or functional groups are particularly space-filling (such
as the grafting of high molecular mass polymer chains to the particle
surface). In this case the kinetic constant is expected to decrease with
each modification step depending on the geometric details of the
system.

(17) The “reduced rate” parameter ν is introduced in order to render the
result independent of the details of the time scale and kinetic nature
of the modification process.

Figure 1. Illustration of the generic reaction process for the modification
of particlelike systems. The total number of reactive sites per particle is
gmax. The coupling of functional ligands is assumed to proceed by a sequence
of irreversible coupling reactions with equal and constant rate, that is,
interactions between surface-bound ligands are neglected (see text for
details).

dN1

dt
) -kgmaxN1 (1)

dN2

dt
) kgmaxN1 - k(gmax - 1)N2 (2)

dNg+1

dt
) k{[gmax - (g - 1)]Ng - (gmax - g)Ng+1}

(3)
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(i.e., the ligand distribution function) after completion of the
modification process as P(g) ) Ng+1/np, where

From the definition of P(g), the average value for the number
of ligands per particle 〈g〉 is obtained as 〈g〉 ) ∑g g P(g) ) gmax(1
- exp[-ν]). It is worthwhile to consider the relationship of eq
4 to the Poisson distribution that was used in previous studies
to evaluate the distribution of ligands bound to particle (or more
specifically dendrimer) systems.14,15 In the limit of ν , 1, eq 4
can be rewritten as

where PPoisson(g) denotes the Poisson distribution that is defined
as PPoisson(g) ) e-ν νg/g!.18 Equation 5 reveals that P(g) reduces
to the Poisson distribution if the limits gmaxf ∞ and (νgmax)f
0 are concurrently satisfied. In reality this could correspond to,
for example, large dendrimer or colloidal systems in the limit
of very low coupling efficiencies (the systems analyzed in ref
14 represent such a case). Equation 5 also reveals that Poisson’s
distribution will become increasingly inaccurate as gmax de-
creases (or, alternatively, νgmax increases) and thus fail to
describe the distribution of ligands in the case of smaller particle
systems or more efficient modification reactions.19,20 In the
following, ligand distributions will be evaluated on the basis
of P(g) as given by eq 4 that is preferred to the approximate
distribution defined by eq 5, since the latter is valid only in the
limit of ν , 1.

Experimental Evaluation of the Ligand Distribution Function.
In order to assess the capacity of eq 4 to capture the ligand
distribution of particle systems undergoing incomplete modifica-
tion reactions, P(g) was used to evaluate the distribution of
polymer ligands in PEG-conjugated trypsin model systems.
Trypsin, a protease that catalyzes the hydrolysis of peptide
bonds, was chosen as a model system for several reasons: First,
the rather low molecular mass of about 23.8 kDa renders trypsin
accessible to quantitative experimental techniques such as
matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry in order to determine the distribution
of polymer grafts among the modified “enzyme particles”.
Second, the conjugation of PEG is a widely used technique to
increase the activity retention of enzymes in various pharma-
ceutical and nonpharmaceutical application environments and
thus presents an important technological context for the present
study.21,22

Conjugation of PEG to trypsin was accomplished by non-
specific reaction of poly(ethylene glycol)-N-hydroxysuccin-
imide (PEG-NHS) with the amino functionality of lysine
residues that are exposed on the protein surface.23 The particular
trypsin type used in this study (EC 3.4.21.4, bovine pancreas)
exhibits eight lysine residues and thus is representative of a
particle with eight reactive sites. Two series of low molecular
mass PEG (Mw ) 3.5 kDa and 7.5 kDa) were used as conjugates
in order to avoid significant interactions between bound polymer
ligands during the grafting reaction (a prerequisite for assump-
tion 2; see discussion above).24 The overall efficiency of the
modification process was determined via a fluorescent assay (of
free primary amino groups) to be in the range ε = 0.25-0.44.
The reaction procedure as well as the structure of the trypsin
model (based on crystal structure analysis) is illustrated in Figure
2. In total, four model systems were synthesized with excess
molar ratios of PEG-NHS of 10:1 and 50:1 for each PEG ligand.
Table 1 summarizes the characteristics of the respective con-
jugated enzyme model systems.

Figure 3 summarizes the MALDI-TOF spectra of the native
trypsin enzyme (Figure 3a), as well as the low molecular mass
PEG-modified trypsin (Try-PEG3500-1, Figure 3b) that were

(18) Beichelt, F. E.; Fatti, L. P. Stochastic Processes and Their Applications;
Taylor and Francis Inc.: New York, 2002.

(19) The deficiency of the Poisson distribution in describing ligand
distributions in particlelike systems originates from the inappropriate
assumptions of the reaction kinetics. In particular, it can be shown
that a Poisson process results if the number of sites per particle is
constant during the modification process (see, for example, ref 20).
This is clearly inadequate for particle modification reactions where
the number of reactive sites decreases with each ligand that is being
bound to the particle surface, as shown in Figure 1. The errors
associated with this assumption are expected to increase with decreas-
ing gmax and increasing νgmax.

(20) Flory, P. J. J. Am. Chem. Soc. 1940, 62, 1561–1565.
(21) Klibanov, M. A. Nature 2001, 409, 241–245.
(22) Peterson, J. I.; Vurek, G. G. Science 1985, 224, 123–125.

(23) It has been demonstrated by several research groups that PEG-NHS
preferentially reacts with the amino functionalities of lysine residues.
Although partial functionalization of alternative amino functionalities
cannot be excluded, their contribution is expected to be minor (see,
for example, ref 8).

(24) If ligand interactions are predominantly of steric origin, then interac-
tions are expected to be negligible if the hydrodynamic radius RH of
the ligand species is less than the average distance between the reactive
sites on the particle surface (about 1.5 nm in the case of trypsin).
Since RH,PEG3500 = 0.5 nm and RH,PEG7500 = 0.8 nm, both ligand systems
are consistent with the assumption of negligible ligand interactions.

P(g) )
gmax!

g!(gmax - g)!
e-gmaxν(eν - 1)g (4)

P(g) =
gmax!

(gmax - g)!
e-ν (gmax-1)PPoisson(g) (5)

Figure 2. Illustration of the conjugated enzyme model systems and the
chemical procedure for enzyme modification. (a) Reaction scheme for
modification of trypsin (EC 3.4.21.4, M ≈ 23.8 kDa, bovine pancreas) with
NHS-activated poly(ethylene glycol) (PEG-NHS) with molecular mass M
) 3.5 kDa and 7.5 kDa, respectively. The efficiency of the reaction is ε )
0.25-0.43 depending on conditions (see Table 1 for details). (b) Illustration
of the conformation of trypsin determined from crystal structure analysis
(structure shows only carbon backbone). The positions of the eight lysine
residues of the native trypsin are highlighted in green. (c) Chemical structure
of poly(ethylene glycol)-N-hydroxysuccinimide (PEG-NHS).

Table 1. Reaction Conditions and Molecular Characteristics of
Conjugated Trypsin Model Systems

sample ID
molar ratio

PEG-NHS: trypsin efficiency εexp efficiency (calc) εcalc

Try-PEG3500-1 10:1 0.43 0.43
Try-PEG3500-1 50:1 0.34 0.33
Try-PEG7500-1 10:1 0.26 0.29
Try-PEG7500-2 50:1 0.25 0.26
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obtained from an Applied Biosystems Voyager DE-STR MALDI-
TOF mass spectrometer. The peaks at mass-to-charge ratio m/z
≈ 27.6, 30.7, 34.7, 38.7, and 42.7 kDa indicate a distribution
of the number of surface-bound ligands within 1-5 PEG ligands
per trypsin (we note that peaks corresponding to double-charged
species have been observed but are not shown here). Assuming
that the ionic states are sufficiently long-lived (i.e., the average
lifetime of ions exceeds the mean time-of-flight) allows for
correlation of the amplitude of the respective peaks in the
MALDI-TOF spectra with the frequency of the respective
molecular species in the system (this assumption has been used
successfully before in the analysis of PEG-modified proteins
by means of MALDI-TOF).13,22,25 This leads to the frequency
distribution of PEG functionalities shown in Figure 3c, from
which the average degree of enzyme modification can be
obtained as 〈g〉exp ) ∑aigi/∑ai ) 3.41, where ai denotes the
MALDI-TOF peak amplitude of trypsin species with gi PEG
ligands. Note that this corresponds to an efficiency of ε ) 0.43
and is, within experimental error, identical to the independently
determined efficiency of the modification process by use of

fluorescamine (see above). A quantitative comparison of the
experimental frequency distribution of sample Try-PEG3500-1
with eq 4 is shown in Figure 3c, revealing excellent agreement
between the predicted and experimentally determined distribu-
tions of polymer ligands. The average value obtained from the
best fit of P(g) to the experimental data can be calculated to be
identical to the experimental value, that is, 〈g〉 ) 3.45, thus
further demonstrating the quality of agreement between the
experimental and calculated distributions. The figure also reveals
the key distinguishing features of eq 4 from the Poisson
distribution that was used in previous studies to empirically
describe the characteristics of ligand distributions in partially
modified dendrimer systems. While it provides adequate agree-
ment for g < 〈g〉, the Poisson distribution significantly overes-
timates the skewness of the distribution. In particular, the
Poisson distribution fails to converge to zero at g > gmax, thus
allowing for the possibility of binding more ligands to a particle
surface than there are available reactive sites.19,20

Following the procedure outlined above, the ligand distribu-
tions of samples Try-PEG3500-2, Try-PEG7500-1, and Try-
PEG7500-2 were analyzed by MALDI-TOF mass spectrometry.
Figure 4 depicts the respective ligand distributions determined
by MALDI-TOF along with the corresponding best fit of P(g).
In all cases the calculated distribution function was found to
provide an adequate representation of the experimental ligand
distributions. In particular, as shown in Table 1, fitting of eq 4
to the experimental data is found to reproduce the experimental
grafting efficiencies within 5%.

In order to further evaluate the capacity of eq 4 to describe
the distribution of bonded ligands in more diverse particlelike
systems, P(g) was used to calculate the ligand distribution in
functionalized enzyme and dendrimer systems for which
experimental data have been reported in the literature (see Figure
S1 in Supporting Information).14,26 The excellent agreement
between experimental distributions and calculated P(g) obtained
from the reported values for gmax and ε provides additional
support for the general applicability of eq 4 to capture ligand
distributions in particlelike systems undergoing partial modifica-
tion reactions.

Several important conclusions can be drawn from eq 4 with
respect to the design of particlelike systems with well-defined
(i.e., uniform) number of ligands. As shown in Figure 5a, the

(25) We note that the interpretation of peak amplitudes measured by
MALDI-TOF as being proportional to the frequency of the respective
molecular species rests upon the assumption of sufficiently long-lived
ionic species as well as linear detector sensitivity. This assumption
has to be validated by independent assessment of parameters that are
characteristic of the ligand distribution. In the present case, the
fluorescamine method was applied to confirm the reaction efficiency
concluded from the MALDI-TOF analysis (see Experimental Section).

(26) Drevon, G. F.; Hartleib, J.; Scharff, E.; Rueterjans, H.; Russell, A. J.
Biomacromolecules 2001, 2, 664–671.

Figure 3. Characterization of the Try-PEG3500-1 model system and
comparison to calculated ligand distribution function (eq 4). (a) MALDI-
TOF spectrum of native trypsin (EC 3.4.21.4, bovine pancreas). Peak
confirms molecular mass of M ≈ 23.8 kDa. (b) MALDI-TOF spectrum of
PEG-conjugated trypsin (Try-PEG3500-1) after dialysis. Peaks confirm
partial modification with efficiency ε ) 0.43. (c) Experimental frequency
distribution of PEG ligands (b) obtained from spectrum b after peak fitting
and correction with molecular weight of native trypsin. Solid line shows
distribution calculated from eq 4 with the assumption of a total number of
reactive sites gmax ) 8 per enzyme. The dotted line shows the Poisson
distribution calculated from the corresponding value of ν (see text for
details).

Figure 4. Comparison of experimental (symbols) and calculated (lines)
frequency distributions of PEG-residues on modified trypsin model systems:
(b) Try-PEG3500-1, (O) Try-PEG3500-2, (9) Try-PEG7500-1, and (0)
Try-PEG7500-2. The average values of the respective experimental
distributions are represented within 5% by the calculated distribution
functions (see also Table 1).
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relative width of P(g) decreases for a given efficiency (here
ε ) 0.25) with increasing gmax; that is, the frequency of ligands
per particle becomes increasingly narrowly distributed about
the average value with increasing number of reactive sites per
particle.27 Therefore, if the number of reactive sites is small
(corresponding to, for example, proteins, enzymes, or small
nanoparticle systems), the relative width of the distribution of
ligands is significant and thus knowledge of P(g) will be
important in order to understand and predict the properties of
the modified particle system. In the limit of large particle sizes
(with gmax exceeding about 100), the particle system will be
appropriately represented by assuming each particle to carry
〈g〉 functional groups. The latter case should be representative
of, for example, polymer grafting reactions to inorganic particles
(such as silica or gold) with particle diameters in excess of 10
nm.

The dependence of P(g) on ε for constant gmax (corresponding
to, for example, distinct modification reactions performed with
the same particle system) is shown in Figure 5b for the case of
gmax ) 100. With decreasing efficiency of the modification
process the relative width of the distribution is found to
increasesan effect that becomes more pronounced with de-
creasing gmax. This bears relevance for small particle systems

such as dendrimers or enzymes for which modification reactions
(such as PEGylation) are typically inefficient, thus resulting in
a significant fraction of unmodified particles.

Conclusion

In conclusion, we have derived and validated an analytical
expression (eq 4) to capture the distribution of ligands in particle
systems that are subjected to incomplete modification reactions.
As expected from the law of large numbers, if the number of
reactive sites per particle is large (typically this will correspond
to large nanoparticle-type systems), an appropriate representation
of the particle system is to consider each particle to carry a
number of functional ligands that is equal to the average number
for the respective particle system. For small numbers of sites
per particle the distribution significantly broadenssan effect that
becomes more pronounced with decreasing reaction efficiency.
Thus, in order to facilitate narrow ligand distributions, large
particle systems and efficient modification reactions are required.
In cases where these conditions are not fulfilled, knowledge of
the distribution should be important in order to understand and
predict the functional activity of modified particle systems. Since
the treatment of ligand binding is applicable to a wide array of
modified particlelike systems such as proteins, enzymes, and
dendrimers as well as inorganic nanocrystals, the presented
results should aid the design of synthesis conditions for modified
particle and particlelike systems in which better control of
functional activity is facilitated by tailoring of the ligand
distribution. Current studies focus on the extension of the
approach to capture the effect of steric hindrance on the binding
of ligands to particle surfaces as well as the evaluation of the
impact of ligand distributions on the bioactivity of modified
enzyme systems.

Experimental Section

Materials. Trypsin (Try) from bovine pancreas (EC 3.4.21.4,
M ≈ 23.8 kDa), poly(ethylene glycol)-N-hydroxysuccinimide
(PEG-NHS, Mw ) 3.5 kDa), sodium tetraborate, calcium chloride,
sinapinic acid, and trinitrobenzenesulfonate were purchased from
Aldrich and used without prior purification (unless indicated
otherwise).

Sample Preparation. Prior to modification, trypsin was dialyzed
in buffer solution (aqueous solution of sodium tetraborate, 10 mM,
and calcium chloride, 5 mM) at pH 8 for 12 h prior to use. For the
low-molecular weight PEGylated trypsin Try-PEG3500-1, the
modification was as follows: 1.5 mg of PEG-NHS was added to 2
mL of a buffer solution of trypsin (c ) 0.5 mg/mL), and the mixture
was vigorously stirred for 2 h at T ) 40 °C (this approach
corresponds to a 10-fold excess of PEG-NHS with respect to
available lysine residues). Unreacted PEG-NHS was separated by
dialysis for 12 h against buffer solution. Dialysis was performed
by use of Amicon Diaflo PM-10 membrane with molecular weight
cutoff 10 000 (Amicon Inc., Beverley, MA). No trypsin was
detected within the permeate. Following dialysis, the reaction
product was stored at T ) -20 °C for long-term stability.
Analogous reaction procedures were applied for a molar ratio (PEG-
NHS:trypsin) ) 50:1 (representing sample Try-PEG3500-2) as
well as for the higher molecular weight analogues Try-PEG7500-1
[corresponding to molar ratio (PEG-NHS:trypsin) ) 10:1] and
Try-PEG7500-2 [corresponding to molar ratio (PEG-NHS:trypsin)
) 50:1], respectively. The grafting efficiency for all reactions was
evaluated by both fluorescamine and MALDI-TOF analysis (details
are provided below). The characteristics of all trypsin conjugates
are summarized in Table 1.

Physical Characterization. Fluorescamine reactions were per-
formed at T ) 25 °C by addition of the dialyzed enzyme sample
to fluorescamine solution buffer (50 mM borate, pH 8). Sample

(27) An analytical expression for the normalized variance can be derived
from eq 4 as (〈g2〉-〈g〉2)/〈g〉2 ) 1/(gmax (exp[ν]-1)).

Figure 5. (a) Distribution of functional ligands for partially modified
particle systems (ε ) 0.25) calculated from eq 4 for different total numbers
of reactive sites per particle: gmax ) 10 (green), 100 (blue), or 1000 (red).
Distributions are normalized to peak value 1. (Inset) Decrease of the
normalized variance, DN ) (〈g2〉 - 〈g〉2)/〈g〉2, of the ligand distribution with
increasing number of reactive sites per particle gmax (see ref 27). The line
is introduced to guide the eye. (b) Distribution of ligands calculated for a
fixed particle system (gmax ) 100) for different reaction efficiencies: ε )
0.05 (green), 0.25 (blue), or 0.5 (red). Distributions are normalized to peak
value 1. (Inset) Decrease of the normalized variance, DN ) (〈g2〉 - 〈g〉2)/
〈g〉2, of the ligand distribution with increasing reaction efficiency (see ref
27). The line is introduced to guide the eye.
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fluorescence was determined on a Cary Eclipse fluorescence spec-
trophotometer.

MALDI-TOF mass spectrometry was performed on an Applied
Biosystems Voyager DE-STR mass spectrometer (mass range
1-400 000 Da) equipped with positive and negative ion modes,
linear and reflector modes, and a nitrogen laser operating at λ )
337 nm. In a typical sample preparation protocol, 0.23 mg of trypsin
or PEG-modified trypsin samples and 10 mg of sinapinic acid
(matrix) were each dissolved in 1 mL of water/acetonitrile (70/30)
(corresponding to a ratio analyte/matrix ) 1/5000). Sample and
matrix were deposited on sample holders (stainless steel, Biosys-
tems) by successive drop casting of 1 µL of the respective matrix
and enzyme solution and subsequent solvent evaporation.
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