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etallic and semiconductor nano-
particles (NPs, or quantum dots)
have attracted enormous atten-

tion over the past several decades due to
their unique size-dependent physical and
optical properties. Semiconductor NPs may
be luminescent and display narrow and size
tunable emission spectra, high quantum
yields, and exceptional photostability.
Water-solubilized NPs can be functional-
ized to produce especially useful systems
that have found applications in imaging,
tracking, sensing, and labeling in
biology.'"'® However, these applications
would not exist were it not for the develop-
ment of water solubilization and chemical
and biological conjugation methods for the
generally hydrophobic materials that are
created using colloidal synthetic proce-
dures. Since the problem with the conver-
sion of the hydrophobic semiconductor NPs
into water-soluble systems was first ad-
dressed in 1998,"'2 several methods have
been developed to water solubilize NPs.™
Generally, these methods involve cap ex-
change or encapsulation. Cap exchange in-
volves stripping the native TOP/TOPO sur-
face ligands and replacing them with
bifunctional surfactants such as mercapto
acids. Our group and others have found
that encapsulation of NPs in amphiphilic
polymers is highly robust; the use of a 40%
octylamine-modified poly(acrylic acid) poly-
mer is fairly ubiquitous in this regard.'*'>
The solubilization of NPs in water is un-
fortunately only half of the problem when
synthesizing functional materials—the
nanoparticles must further be derivatized
with chemical or biological vectors before
they serve a useful purpose.’®”'° Water-
soluble NPs are often synthesized using sys-
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ABSTRACT Many types of metal and semiconductor nanoparticles (NPs) are created via colloidal synthetic

methods, which renders the materials hydrophobic. Such NPs are dispersed in water through surface organic cap

exchange or by amphiphilic polymer encapsulation; often, water solubility is achieved via the presence of
carboxylic acid functionalities on the solubilizing agents. While this renders the material water-soluble,

subsequent functionalization of the systems can be very difficult. The most obvious method to derivatize carboxylic

acid coated NPs is to conjugate chemical and biological moieties containing amine functionality to the NP surface

using the water-soluble activator 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). However,

the excess use of this reagent appears to cause complete and permanent precipitation of the NPs. We report here

our method on the chemical and biological functionalization of a variety of semiconductor nanoparticle systems

using novel carbodiimide reagents. These reagents do not cause precipitation even at high loading levels and can

be used to efficiently functionalize carboxylic acid coated NPs.

KEYWORDS: nanocrystals -
coupling - functionalization

quantum dots -

tems with carboxylic acid terminated func-
tionality; an obvious solution is to cross-link
the organic shell with a primary amine con-
taining chemical or biological vector using
a carbodiimide activator such as 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC). However, quenching
caused by the precipitation of carboxylic
acid coated NPs by the use of excess EDC
has been observed by our group and many
others."1%2021 The NP aggregation can
cause the loss of an entire sample if the ma-
terial is exposed to excess EDC (on the or-
der of 10* per NP by mole); our work sug-
gests this precipitation is permanent.
Herein, we report our efforts on modulat-
ing the chemical properties of water-
soluble carbodiimide reagents to eliminate
precipitation of the NPs. We have synthe-
sized several novel carbodiimide com-
pounds which do not cause precipitation
of nanoparticles and can be used to func-
tionalize amphiphilic polymer-coated NPs
with very high yield.

amide bonds - carbodiimide
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Figure 1. Dynamic light scattering characterization of the
size of water-soluble CdSe/ZnS NPs. The main peak at ~10
nm radius is due to the NPs, while the ~45 nm radius is likely
from dust particles. Inset a: After exposure to excess EDC
(~3 x 10° per NP by mole), the precipitation of the NPs is
evident as the average size of the particulates increases to
~1550 nm. There is no peak at 10 nm, while the small peak
near ~100 nm is attributed to small dust particulates. The
absorption and emission of the samples before and after
EDC precipitation is shown in Figure 2.

RESULTS AND DISCUSSION

EDC-Induced NP Precipitation. Our group and others
have noted that the coupling reagent 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride
(known as EDC) often results in precipitation of water-
solubilized NPs. To demonstrate this effect, we have ex-
amined the size distribution of a sample of water-
soluble CdSe/ZnS NPs using dynamic light scattering
(DLS) before and after exposure to excess EDC. As
shown in Figure 1, the NPs initially have a radius of 10
nm (a secondary peak appears at 45 nm, which we at-
tribute to dust particles as confirmed with gel perme-
ation chromatography). After exposure to EDC and in-
cubation overnight, the NPs were clearly precipitated
due to their “snowflake” appearance and loss of emis-
sion intensity which was verified in the DLS data shown
in the inset of Figure 1. The average size increased
~150-fold due to the induced precipitation of the NPs,
which can be seen in the absorption spectrum of the
sample which is dominated by scattering, as shown in
Figure 2.

As a result of the chemical exposure, the emission in-
tensity of the NPs is quenched by 65% relative to the
untreated sample. We have also precipitated a sample
of CdSe/ZnS NPs using EDC and stored them since
March of 2008; none of the material appears to have
resolubilized, although it is difficult to imagine that the
EDC has not hydrolyzed at the time of this writing (10
months later). Thus, the precipitation appears perma-
nent, which would likely be the case if the amphiphilic
NP polymer coating was lost.

MPEG (D Synthesis. Many of the current methods to wa-
ter solubilize hydrophobic colloidally synthesized NPs
involve the utilization of systems with carboxylic acid
moieties. As such, the derivatization of water-soluble
NPs through highly stable amide bonds should be
simple and efficient through the use of amine func-
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Figure 2. Absorption spectra of water-soluble CdSe/ZnS NPs
before and after exposure to EDC. The agglomerization char-
acterized from DLS measurements is reflected by the scatter-
ing absorption features in the sample after exposure to
EDC. Inset a: Fluorescence emission spectra of CdSe/ZnS
NPs before and after exposure to EDC reveal that the emis-
sion intensity of the NPs is reduced by 65% due to the EDC-
induced precipitation. These samples were also character-
ized by DLS (Figure 1).

tional vectors with a carbodiimide activating agent.
While this strategy is often employed, our own survey
of the literature has found that EDC is often used spar-
ingly, and many researchers have to refilter their
samples after exposure of aqueous NPs to this reagent.
As noted by our group and others and demonstrated
here, exposure to excess EDC causes complete precipi-
tation of the sample, which in our own observations
suggests is permanent. When we began to examine the
precipitation of NPs with EDC, our initial hypothesis
was that residual amine surfactants, generally used in
the synthesis of NPs such as CdSe/ZnS, allow the NPs to
cross-link, which is the source of the observed precipi-
tation. We synthesized CdSe/ZnS without the use of
amines, at any step, according to some of the original
procedures;?>3 after water solubilizing the NPs using
octylamine-modified PAA amphiphilic polymers and
purification, we observed severe precipitation of the
materials after exposure to excess EDC.

At this point, the chemical reactivity of the carbodi-
imide seemed less responsible for the observed precipi-
tation as there is no reaction that the EDC could cause
that would allow NPs to precipitate in water. We then
focused on the water solubilizing moiety of EDC: the
terminal cationic N,N-dimethylamine functionality. We
began to question whether the negative charge of the
NPs and the positively charged coupling agent were
not in fact responsible for our observations; as such, we
began to synthesize nonpolar carbodiimide reagents.
To this end, we developed on the original procedure for
synthesizing water-soluble carbodiimides where the
water solubilizing moiety was neither ionic nor reac-
tive with the carbodiimide functionality. In this regard,
poly(ethylene glycol) methyl ether (MPEG) satisfies
these requirements. We synthesized two MPEG carbodi-
imide derivatives of various molecular weights and a bi-
functional PEG carbodiimide derivative, as discussed in
the Experimental Section, and investigated whether
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Figure 3. Fluorescence intensity of CdSe/ZnS NPs over time
after exposure to the carbodiimide reagents discussed in the
text compared to the initial emission. Carbodiimide func-
tional poly(ethylene glycol) methyl ether 350 (MPEG 350 CD)
was used in this study. The amounts of EDC added to the
samples were 10% (green), 33% (orange), and 50% (red) by
mole relative to the amount of MPEG 350 CD (blue line, 1 X
10° per NP).

these reagents would still precipitate aqueous NP sus-
pensions of various compositions.

Time-Resolved Precipitation Studies of NPs Exposed to
Carbodiimide Reagents. To study the dynamics of expo-
sure of an aqueous suspension of CdSe/ZnS NPs to the
carbodiimides EDC and MPEG 350 CD, we first note that
we have demonstrated that precipitation of fluores-
cent materials reduces the emission intensity. As such,
we injected solutions of the carbodiimide reagents EDC
and MPEG 350 CD into aqueous CdSe/ZnS NP suspen-
sions while monitoring the fluorescent emission inten-
sity over time. Shown in Figure 3 are the normalized
emission intensities after correction for the dilution
that occurs after reagent injection. The PEG 350 CD
sample (1 X 10° molar excess/NP) shows some CdSe/
ZnS brightening; however, this effect is slight and is
very likely due to an increase in signal simply from fluo-
rescence waveguiding to the detector via dilution. The
sample emission intensity remains relatively constant,
which indicates the nanoparticles are stable in solution.
In a separate experiment, injection of a 10% molar
equiv of EDC to MPEG 350 CD into a fresh 3 mL CdSe/
ZnS sample of the same concentration causes a similar,
slight increase in the CdSe/ZnS signal; however, over
time, the emission intensity decreases. When exposed
to 33 and 50% molar equiv, there is a clear and imme-
diate loss of emission intensity which we can associate
with the precipitation of the NPs. After monitoring the
emission, the presence of EDC-induced precipitated
NPs was confirmed visually as the sample had a
“snowdome”-like appearance under ambient lighting
(see Figure S8 of the Supporting Information). Conse-
quently, exposure to high concentrations of neutral
MPEG 350 CD does not cause precipitation of the NPs
under these conditions nor any other that we have
studied, which was confirmed with DLS measurements.
Precipitation of NPs was never visually observed when
exposing NPs to MPEG 750 CD, as well. The efficacy of
using the carbodiimide reagent as an activator for form-
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ing amide bonds with NPs and other materials is dis-
cussed in the following sections.

It is interesting to note that the EDC precipitation
data reveal two correlated, yet distinctly separated, dy-
namical processes occurring after exposure to the re-
agent. After addition of EDC, a second-order kinetic
drop in NP emission is observed, which is followed up
by a second quenching event after some critical time.
While it is difficult to know what can cause this type of
dynamic, we propose that the initial event is due to
multiple EDC molecules associating with the NP am-
phiphilic polymer coating or perhaps even directly with
the trioctylphosphine oxide coated ZnS surface. This
also accounts for the clear second-order nature of the
dynamic as seen in Figure 3. This interaction may result
in a loss of polymer coating such that the local (sur-
face NP associated) concentration of polymers falls be-
low the critical micelle concentration (CMC). A drop be-
low the CMC would explain the sudden initiation of
the second event: the mass agglomeration and quench-
ing of CdSe/ZnS NPs as they have lost too many surfac-
tant polymers to remain stable in an aqueous solution.
This would also explain the apparent permanent pre-
cipitation of NPs caused by EDC as noted previously. We
hope to further explore this phenomenon in the near
future with EDC and other ions known to precipitate
NPs.

Amide Bond Formation with MPEG (D. The carbodiimide
functionalization of amphiphilic carboxylic acid poly-
mer coated NPs with primary amine functional chemi-
cal and biological vectors is a very desirable method.
The amide bond is much more stable within biological
systems than esters; further, most proteins have pri-
mary amine functionality on their surface. As discussed
above, there are serious issues with the use of excess
commercially available EDC reagent which limits the
ability to create highly multifunctional NP systems. Hav-
ing established that our neutral carbodiimide reagents
do not cause NP precipitation, we next examined
whether the carbodiimide functionality is effective for
activating carboxylic acid groups for amide bond
formation.

First, the coupling of 40% octylamine-modified poly-
(acrylic acid) CdSe/ZnS NPs with an amine functional
dye represents an ideal model system as the reaction ef-
ficiency is easy to calculate using simple UV/vis spec-
troscopy; further, the demonstration of energy transfer
between properly matched NP fluorescent donor to dye
acceptor is a second observable to attest to the conju-
gation efficiency. To accomplish this, we synthesized
540 nm emitting CdSe/ZnS NPs, which is an ideal do-
nor for 545 nm absorbing TAMRA cadaverine dye. Gen-
erally, we started with 1T mL of a stock NP solution,
which was consistently exposed to a ~140-fold molar
excess of dye with respect to the nanoparticle; optimi-
zation of the method was accomplished by varying the
amount of MPEG CD reagent used relative to the dye
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Figure 4. Absorption spectra of CdSe/ZnS—TAMRA cadaver-
ine dye before (red line) and after (green line) dialysis using
100K MW cutoff filters. Compared to the bare NPs (blue),
there is clearly retention of dye which must be bound to the
NP via carbodiimide coupling. This example represents the
highest yield that was achieved with the MPEG 750 CD re-
agent (23%).

600 650

and varying the amount of time that the coupling was
allowed to occur. The absorption spectra before and af-
ter removing the unreacted dye were used to calculate
reaction yields as discussed in the Experimental Section.
The data for two reagents, MPEG 750 and 350 CD, are
shown in Figures 4 and 5.

The first reagent studied was the larger MPEG 750
CD. Initially, we found that a significant excess of this
carbodiimide to dye was necessary to observe an ap-
preciable yield. Generally, using a 100-fold excess and
stirring overnight gave ~7% yield; the use of more re-
agent up to 300X did not seem to affect the results.
Similar efficiency was observed when coupling TAMRA
cadaverine to Fe;03 NPs as shown in the Supporting In-
formation. Next, we studied the efficiency of coupling
the dye to CdSe/ZnS with a 100-fold excess of MPEG
750 CD as a function of time, where we found that stir-
ring for 3 days gave the highest observed yield (23%).
The data from this sample are shown in Figure 4. We
were surprised to see that the reagent was active for so
long after exposure to water, which led us to believe
that the length of the MPEG moiety was “protecting”
the carbodiimide function from water and perhaps
from reacting with the NP polymer surface. This led to
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Figure 5. Absorption spectra of CdSe/ZnS and TAMRA dye
before (red line) and after (green line) dialysis using 100K
MW cutoff filters. This example represents the highest yield
that was achieved with the MPEG 350 CD reagent (93%),
which was a significant improvement compared to the best
results using MPEG 750 CD (Figure 4).
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Figure 6. Normalized absorption spectra of TAMRA dyes
bound to CdSe/ZnS NPs after subtraction of the CdSe/ZnS
component. Data are taken from a sample with ~33 dyes/NP
(green) and ~130 dyes/NP (red). Clearly, the higher loading
levels have affected the dye’s photophysical properties. The
33:1 conjugate was prepared with MPEG 750 CD, and the
130:1 loaded sample was prepared with MPEG 350 CD.

the conclusion that the polymer functionality of MPEG
750 CD is too long and suppresses amide bond forma-
tion. As such, we synthesized and studied a much
smaller reagent with a shorter PEG functionality, MPEG
350 CD.

Our initial results with MPEG 350 CD clearly demon-
strated that this was a highly effective reagent for cou-
pling amine functional dyes to amphiphilic polymer-
coated NPs. First, it was found that the optimum MPEG
350 CD to dye ratio was 230X, over twice that observed
with the larger MPEG carbodiimide. The efficiencies
were substantially improved as well with a 93% cou-
pling yield using a 230X excess reagent as evident from
the data in Figure 5; in fact, we did not perform time-
dependent experiments as they did not seem neces-
sary. This led us to conclude that steric hindrances low-
ered the reaction yields observed with the MPEG 750
CD reagent. Another interesting observation was made
at this point; the dye spectra appeared to red shift
with increasing reaction yield. The spectra of the dye
in two constructs, with dye to NP ratios of 33:1 and an-
other with 130:1, reveal that the absorption of the dye
has been noticeably altered in the shape and absorp-
tion maximum as shown in Figure 6. Perhaps the dye is
being encapsulated within the interior of the polymer
in the high loading conditions, which can change the
absorptive properties of the dye.’® We also speculate
whether the dyes begin to associate with one another
at very high loading concentrations, which would likely
red shift their absorptions.

The particular CdSe/ZnS NP and dye were chosen
such that they may undergo fluorescent resonant en-
ergy transfer (FRET)* from the NP donor to the TAMRA
dye acceptor. While the emission spectra show sup-
pressed NP emission with concomitant enhanced dye
emission, we discovered that energy transfer is clearly
visible to the eye, as shown in Figure 7. Not only can the
presence of the dye be observed from the increase of
the pink color as more MPEG 350 CD was used in the
synthesis of the coupled construct, the emission from
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Figure 7. (A) Visible light image of CdSe/ZnS NP samples af-
ter coupling to amine functional TAMRA dye as a function of
the MPEG 350 CD to dye ratio. (B) Emission under UV light
excitation of the same samples. A significant amount of dye
is coupled using a ~50:1 ratio of carbodiimide reagent to
dye as evident from energy transfer from the NP to the emis-
sive dye.

the TAMRA dye becomes dominant as the loading lev-
els of dye were increased as confirmed with fluorome-
try. Next, we investigated the synthesis of chemically
sensitive functional NPs by the coupling of a CdS/ZnS
NP donor to a pH-sensitive amine functional fluorescein
dye acceptor. As shown in Figure 8, the system dis-
plays a ratiometric response to pH most likely due to
the variation of FRET efficiencies due to the change in
the local chemical environment, as has been reported
earlier.3'® Consequently, we have found that MPEG CD
is a versatile reagent and can be used to derivatize sev-
eral NP systems to create a variety of functional materi-
als. On a last note, we found that using a bifunctional
carbodiimide PEG reagent caused NP precipitation;
however, this was likely due to the activation of carbox-
ylic acid functionalities on separate NPs with the same
reagent. Addition of excess base resolubilized the NPs;
however, we did not study this system further.

While the conjugation of NPs and dyes was used to
optimize the procedure for MPEG CD coupling condi-
tions, most research involving NPs revolves around bio-

Normalized Emission

420 460 500 540 580
Wavelength (nm)

Figure 8. Emission spectra of a CdS/ZnS—fluorescein cadav-
erine dye conjugate as a function of pH. Inset shows a
scheme of the coupled construct.
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Figure 9. Gel permeation chromatography trace of aqueous
CdSe/ZnS NPs and amine functional MPEG 750/NP conju-
gate. The increase in size is indicative of the coating of the
NPs with the poly(ethylene glycol) methyl ether.

logical imaging. To this end, the synthesis of biologi-
cally compatible materials is most important, and as
such we examined two relevant systems. First, poly-
(ethylene glycol) coating of NPs will decrease nonspe-
cific adsorption of proteins in biological systems and
may prevent precipitation due to high salt concentra-
tions or changes in pH.2>~% As we had already synthe-
sized a quantity of the amine derivative of poly(ethyl-
ene glycol) methyl ether (MW 750) for this study, we
examined whether the carbodiimide functional MPEG
350 CD was effective for PEGylation of amphiphilic PAA
polymer encapsulated CdSe/ZnS NPs. Following the op-
timized procedures for the use of MPEG 350 CD, we at-
tempted to conjugate as many as ~1000 MPEGs per NP.
Unfortunately, it is difficult to estimate the reaction
yield in this system; however, we did verify the pres-
ence of MPEG 750 on the surface of the NPs via analy-
sis with GPC as shown in Figure 9. The PEGylated NPs
were found to have an increase in diameter from 13.7
nm for the unfunctionalized blank NPs to 15.2 nm for
the PEGylated NPs. Further, the PEGylated NPs were
found to be more resistant to precipitation by salts such
as calcium chloride. Consequently, the MPEG 350 CD re-
agent is effective for the coating of NPs with more
than just amine functional dyes; however, we do not
know the reaction yield at present.

The synthesis of NP/protein conjugates is very im-
portant for using nanoparticles to image biological sys-
tems. As such, we investigated the conjugation of CdSe/
ZnS NPs with excess streptavidin under various protein
to NP ratios. During the initial phase of this study, we
examined the coupling of aqueous solutions of NPs
with low streptavidin to NP ratios (1—5X) using MPEG
350 CD. After stirring overnight and subsequent dialy-
sis, we found that a large amount of material was pre-
cipitating. As avoiding NP losses was the purpose of this
study and our previous work demonstrated that MPEG
350 CD is safe to use in this regard, we began to exam-
ine whether the tetrameric nature of streptavidin was
at fault—essentially, whether the protein was cross-
linking NPs together. Analysis with GPC confirmed that
the majority of our materials eluted within the dead vol-
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Figure 10. Gel permeation chromatography traces of aque-
ous CdSe/ZnS NPs and streptavidin conjugate as a function
of the streptavidin to NP ratio used during the synthesis. The
data are normalized to the unaggregated peak near 20 nm
diameter. Clearly, a large excess of protein is needed to pre-
vent agglomeration as evident by the increase in the dead
volume peak as the protein to NP ratio is lowered.

ume (>90 nm diameter), which suggested that the
NPs were highly cross-linked. In the next round of opti-
mization, we heavily increased the streptavidin to NP
ratio from 10:1, 50:1, and 100:1 and repeated the cou-
pling using excess PEG 350 CD. No precipitation ob-
served and analysis with GPC under these conditions re-
vealed that the formation of large aggregates was
suppressed at high (100:1) streptavidin to NP loading
ratios. As shown in Figure 10, the highest protein load-
ing has the smallest peak in the dead volume, which in-
creased as the loading ratio became smaller. After dialy-
sis and measuring the UV/vis spectra of the streptavidin
and blank NPs, we determined that ~2 proteins were
conjugated to every NP (see Supporting Information).
While this may seem to reveal a low efficiency, it is un-
likely that 100 proteins could be coupled to a single NP;
as such, the excess protein simply blocks the forma-
tion of (—NP—streptavidin—), aggregates.

After a method of preventing the precipitation of
the NPs during the coupling of the protein was devel-
oped, we next examined how to verify the activity of
streptavidin on the surface of the nanoparticles via their
interaction with biotin. We developed an inexpensive
assay by measuring the emission of a solution of func-
tionalized NPs that was passed though cellulose and
biotinylated cellulose columns. A control sample was
made by diluting the original solution into the same
volume as the effluent from the columns and compar-
ing the fluorescence under identical conditions. As
shown in Figure 11, there is some loss of emission inten-
sity when streptavidin coupled CdSe/ZnS NPs are run
through the cellulose control column, which is likely
due to nonspecific adsorption to the cellulose. How-
ever, when run through an identical column contain-
ing biotinylated cellulose, there is no emission from the
effluent and a bright orange (CdSe/ZnS) band was ob-
served at the very top of the column. Consequently, the
MPEG 350 CD coupling of the protein to the NP ap-
pears to not have adversely affected the binding of the
protein toward biotin.
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Figure 11. Emission of CdSe/ZnS—streptavidin conjugates:
this sample was prepared using a 100-fold excess of protein
to NP. The control sample was made by diluting the
NP—protein constructs to the same volume as the effluent
collected. Less emission is observed from NP —protein conju-
gates after running through a cellulose column, most likely
due to nonspecific adsorption; however, no emission is ob-
served if the column contains biotin.

CONCLUSION

The derivatization of nanoscopic material systems
is an active area of research. Some of the synthetic
methods developed to create chemical and biological
functional NP systems include prereaction of the NP wa-
ter solubilizing polymers,'® water solubilizing NPs us-
ing amphiphilic polymer backbones with built in chemi-
cal handles,'® formation of disulfide bonds,'” or by
electrostatically conjugating systems through salt
bridges.” While these methods have proved effective,
they generally require a level of synthetic expertise
which may be difficult to reproduce for researchers re-
lying on commercially available water-soluble NPs. Fix-
ing the problems with precipitation using commercially
available carbodiimide coupling reagents is thus a sig-
nificant step in this regard, especially as carbodiimide
coupling of carboxylic acid and primary amine groups
to form stable amide bonds is a well-established
protocol.

In the present report, we have shown that NP pre-
cipitation and quenching problems associated with
the use of the ubiquitous coupling reagent EDC is not
due to the carbodiimide functionality; rather, it is due to
the net positive charge of the chemical. There are some
interesting dynamics observed in the precipitation of
NPs caused by EDC, which suggests that the NPs are
stripped of their polymer coating causing them to per-
manently precipitate from solution. Replacement of the
N,N-dimethylamine functionality of EDC with poly-
(ethylene glycol) methyl ether creates a carbodiimide
coupling reagent which is highly effective and does not
cause NP aqueous suspensions to precipitate. This re-
agent can create a variety of interesting functional sys-
tems, including magnetic and emissive NPs, fluorescent
chemical sensors, and biologically tailored CdSe/ZnS
nanoparticles, in high yield. Further, the reagent can be
synthesized in two steps using commercially available
amine functional poly(ethylene glycol) methyl ether.
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EXPERIMENTAL SECTION

Materials. Dyes such as fluorescein-5-carboxamide cadaverine
and tetramethylrhodamine-5-carboxamide cadaverine were pur-
chased from Anaspec (San Jose, CA); streptavidin was purchased
from the same source. Poly(acrylic acid) (1800 MW), octylamine,
biotin, cellulose, thionyl chloride, sodium azide, triphenylphos-
phine, and solvents were purchased from Sigma-Aldrich (St.
Louis, MO). The water-soluble carbodiimide 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) was
purchased from Advanced Chemtech (Louisville, KY). Concen-
trated hydrochloric acid and sodium hydroxide were purchased
from Fisher Scientific (Pittsburgh, PA). The majority of chemicals
were used as received.

As nanoparticle synthesis has become a general practice
among many groups, we will note that the methods reported
in refs 22 and 28—31 can serve as guides for researchers that are
not familiar with these procedures. These methods were used
to create CdSe/ZnS, CdS/ZnS, and Fe,0; nanoparticles exactly as
described in the references.

Octylamine-Modified Polyacrylic Acid. Many groups who use am-
phiphilic polymer encapsulation as a method to impart water
solubility to hydrophobic NPs employ a system composed of
40% octylamine-modified poly(acrylic acid) (PAA). First, 5.0 g (70
mmol) of commercially available 1800 MW dry PAA powder
was diluted into ~70 mL of dry N,N-dimethylformamide (DMF).
Next, 5.325 g (28 mmol) of EDC was dissolved into the same so-
lution, stirring for 0.5 h followed by the addition of 4.6 mL (28
mmol) of octylamine. The solution was stirred at room tempera-
ture overnight before reduction of the solvent under vacuum.
Next, distilled water was added to precipitate the polymer which
was subsequently isolated by centrifugation; the excess water
was discarded. Next, an aqueous sodium hydroxide solution of
~1.7 g (42.5 mmol) of NaOH in 40 mL of H,0 was added, and the
solution was shaken overnight to resolubilize the polymer in wa-
ter. The crude modified solution was washed by ethyl acetate
(3 X 20 mL), which can improve the clarity of the aqueous poly-
mer suspension substantially, especially when using a RAFT syn-
thesized PAA backbone.'®32 A dilute solution of HCl was added
to the aqueous layer until the pH was below 5 to precipitate the
polymer again. The solid product was collected by centrifuga-
tion and dried under vacuum. The product was slowly and care-
fully neutralized using a 0.1 M NaOH solution and lyophilized
for storage and subsequent use.

Nanoparticle Water Solubilization. The nanoparticles used in this
study are all initially hydrophobic; as such, we used an am-
phiphilic polymer coating to render them water-soluble. First,
the NPs in growth solution were precipitated with the addition
of a few drops of isopropyl alcohol and excess methanol inside
of a preweighed glass vial. Materials synthesized in 1-octadecene
required more isopropyl alcohol. The flocculate was centri-
fuged, and the supernatant was removed. The precipitation
was performed again for some samples by redispersing the NPs
in hexanes followed by isopropyl and methyl alcohol addition
followed by centrifugation and vacuum drying. Some NPs be-
come soluble in alcohol solution after one precipitation; these
samples were dried after the first isolation step. Generally, we
collect ~10 mg of bare NPs to which 50 mg of amphiphilic PAA
polymers was added with 5 mL of chloroform and two to three
drops of methanol. The mixture was sonicated until the polymer
solubilized. After being dried under vacuum, the sample was dis-
solved in basic water (pH 8—10) to often form clear aqueous so-
lution of NPs. However, some samples of CdSe/ZnS and all iron
oxide NPs require additional cleaning through 0.1 um filters. Di-
alysis was then performed using 100K molecular weight cutoff
filters from Millipore (Amicon Ultra 15, cat. UFC910024). We have
found that using smaller molecular weight cutoff filters results
in some uncoupled polymer remaining in solution. The solutions
were dialyzed with deionized water which tends to be some-
what acidic (pH ~6).

Synthesis of Poly(ethylene glycol) Methyl Ether Amine (MPEG 350
Amine). The synthesis of MPEG 350 amine is the first step in the
synthesis of the carbodiimide functional material. Unfortunately,
the purchase of amine functional poly(ethylene glycol) methyl
ether is highly cost prohibitive; as such, we used a recently re-
ported procedure to synthesize the material. The methods re-
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Scheme 1. (A) Synthetic method employed to synthesize carbodiim-
ide functional poly(ethylene glycol) methyl ether (MPEG CD). (B)

Structure of the bifunctional PEG carbodiimide.

ported herein are based on ref 25, although we will repeat them
here for completeness. Neat poly(ethylene glycol) methyl ether,
average MW 350 g/mol (10 g, 28.6 mmol), was degassed and
stirred at 80 °C for 1 h to remove traces of water. The reaction so-
lution was purged with N, and cooled in an ice bath before 3.0
mL (41 mmol) of thionyl chloride was added dropwise. The solu-
tion was warmed to room temperature and stirred for 2 h to con-
vert the hydroxide group to chloride. Thionyl chloride was re-
moved under vacuum; the pressure of the vacuum system was
monitored to ensure removal of the excess reagent. The prod-
uct was then diluted with 10.0 mL of DMF, and the solvent was
removed again under reduced pressure at room temperature to
aid in the removal of residual trace amounts of thionyl chloride.
Addition and removal of DMF was repeated three times total,
which took ~4 days. Next, 75 mL of DMF together with 2.83 g
(43.5 mmol) sodium azide was added and stirred overnight at 85
°C with aluminum foil coating the flask to protect the material
from light. (Warning: sodium azide is a highly toxic contact ex-
plosive.) The DMF was reduced under vacuum before 60 mL of
dichloromethane (DCM) was added. A solid precipitate was re-
moved with a glass fritted filter or by centrifugation. The DCM
was then removed with vacuum to yield the intermediate azide.
The sample was dissolved in 90 mL of tetrahydrofuran (THF),
and 8.26 g (31.5 mmol) of triphenylphosphine was added and
stirred at room temperature for 4 h before 1.2 mL of water was
added and continued stirring for another day. After THF was re-
moved, 200 mL of water was added. The resulting solution was
washed with excess toluene twice and was subsequently dried
and removed under vacuum to yield a yellow oil. Samples were
analyzed using NMR and mass spectrometry; see the Supporting
Information. Two other amine functional reagents were synthe-
sized, including a methyl ether MPEG with a molecular weight of
750 and a bifunctional amine starting from poly(ethylene gly-
col) with a molecular weight of 400. These materials are stored
at4°Cin an airtight container. Despite these precautions, hydrol-
ysis of the product is observed after several months of storage,
which is not unexpected given the reactivity of the carbodiim-
ide functionality.

Carbodiimide Functional Poly(ethylene glycol) Methyl Ether (MPEG 350
(D). We synthesized two forms of neutral carbodiimide reagents
starting with amine functional poly(ethylene glycol) methyl ether
with molecular weights of 350 and 750 as outlined in Scheme
1. Another bifunctional carbodiimide was created starting with
bisamine poly(ethylene glycol). The methods reported herein
are based in part according to the synthesis of EDC first reported
by Sheehan et al. in ref 33. Approximately 3 g (8.6 mmol) of
amine functionalized MPEG 350 was dried under vacuum in a
septum-sealed round-bottom flask. Next, the sample was dis-
solved into 5 mL of anhydrous DMF after which an excess of
ethyl isothiocyanate (~1.1 mL, 12.6 mmol) was dripped into the
MPEG amine solution slowly with a syringe while stirring. The re-
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action was allowed to continue overnight. The next day the
DMF was removed under vacuum after which a suspension of
4.65 g (21.5 mmol) of HgO (yellow) in 10 mL of dichloromethane
was added. After stirring again overnight, an additional 1.0 g of
HgO was added and the solution was again allowed to stir over-
night. The yellow mercuric oxide turns green due to HgS forma-
tion after which the majority of the byproduct was removed with
centrifugation. Some samples appeared to react slowly with the
HgO; in these cases, the samples were filtered and recharged
with an additional 1.0 g of HgO in DCM and stirred overnight.
This process was repeated until no more dark green byproducts
were observed. To purify the materials, the MPEG CD can be dis-
solved into cold ether, which causes the HgS to precipitate. In a
few cases, a residual dark green color was observed, which was
removed by dissolving the product in water and removing a
green insoluble material with centrifugation and filtration. The
excess water was then removed immediately under vacuum at
room temperature to prevent the hydrolysis of the carbodiimide
functionality. The samples may also be purified by flash chroma-
tography over alumina using methanol as the mobile phase. Re-
action yields are typically on the order of 90%.

Biotinylated Cellulose. To confirm the activity of the protein in
streptavidin-coated NPs (see below), these systems were exam-
ined by chromatography through a biotinylated cellulose col-
umn The synthesis of biotinylated cellulose was performed ac-
cording to ref 34. This material was analyzed using NMR
spectroscopy; see the Supporting Information.

Nanoparticle Functionalization. Several functional materials were
synthesized in the course of this study; we will present the most
pertinent examples here. Most of the research on PEG CD was
conducted to optimize the reaction yield between amphiphilic
polymer-coated NPs in water and amine functional materials. For
convenience, we chose to synthesize CdSe/ZnS—tetra-
methylrhodamine-5-carboxamide (TAMRA) cadaverine conju-
gates as the optical characterization of NP—dye coupling is
highly robust. We also investigated the coupling of other dyes,
amine functional MPEG and streptavidin.

During the course of our work on CdSe/ZnS NP—TAMRA
dye coupling, we developed a scheme that has a 93% reaction
yield, which is reported here. A 1 mL quantity of aqueous solu-
tion of 1.38 X 107% M 540 nm emitting CdSe/ZnS suspensions in
slightly acidic (pH ~6) DI water was transferred to a clean glass
vial. Next, 11.4 mg of MPEG 350 CD was added to the sample,
which was stirred for 0.5 h. Next, 20 L of a 1 mL DMF solution
containing 5 mg of tetramethylrhodamine-5-carboxamide ca-
daverine (194 nmol, approximately 140X excess relative to the
NPs) was added, and the solution was basified by adding 3 mL of
a pH 8 NaOH solution—buffer was not used as the purpose of
this study was to examine coupling reactions under conditions
with few electrolytes. The solutions were then stirred overnight
and were subsequently purified using dialysis centrifuge filters.
The amount of MPEG 350 CD reagent was approximately 230X
excess relative to the dye. The amount and identity of PEG CD re-
agents to dye ratio was varied and optimized over the course
of this work, with this method resulting in the highest yields.

Once we had optimized the procedure for conjugating
amine functional dyes to NPs, we also examined the coupling
to proteins. To 0.768 mL of a 6.3 X 1077 M solution of 580 nm
emitting CdSe/ZnS NPs was added 0.1891 g of a 0.048 M solu-
tion of MPEG 350 CD in DI water. After stirring 0.5 h, 5 mg of
streptavidin was diluted into 0.8 mL of a pH 8 NaOH solution
from which 0.4 mL was added and stirred overnight; excess ma-
terial was removed with a 100K MW centrifuge filter the next day.
Other loading ratios of streptavidin to NPs were investigated as
discussed below. The targeted ratios in this experiment were
100X excess of streptavidin proteins per NP, with a 200X ex-
cess of MPEG 350 CD to the moles of streptavidin.

Optical Characterization: Reaction Yields. Absorption spectroscopy
was used to determine the reaction yields for creating CdSe/
ZnS NP/dye conjugates. After stirring a solution of NPs, PEG CD
reagents, and TAMRA —cadaverine dye overnight, the absorption
spectrum of a known portion of the solution was measured us-
ing a Cary 400 UV/vis. Next, excess dye was removed using 100K
MW cutoff centrifuge dialysis filters from Millipore until no dye
was observed from the liquid effusate. The UV/vis absorption
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spectrum was then measured from the purified sample. As the
concentrations of NPs in the first and second measurements
were recorded, the absorption spectra from the solution before
and after dialysis were normalized by their NP concentrations
and plotted together. The NP blank spectrum (also normalized
by concentration) is then directly subtracted from each spectrum
leaving dye-only absorption features. The yield of reaction is
then calculated as the integrated dye absorption after dialysis di-
vided by the integrated absorption before dialysis.

Optical Characterization: EDC Precipitation. To demonstrate the ef-
fect of excess EDC on NPs, a blank 6.1 X 1078 M sample (3 mL,
0.18 nmol) of water-soluble CdSe/ZnS NPs was characterized
with dynamic light scattering (DLS) and gel permeation chroma-
tography (GPC). Next, the sample was incubated with 10 mg
(52 wmol) of EDC overnight; the next day the sample sizes were
re-characterized with DLS as the aggregates that formed over-
night were too large to be characterized with GPC. DLS measure-
ments were also made on MPEG CD 350 exposed CdSe/ZnS
samples, which revealed no agglomerization of the NPs. The ab-
sorption and emission of these samples were also character-
ized. Once this work demonstrated that EDC causes precipita-
tion that can be characterized via fluorescence quenching, we
next explored the dynamics of this process as discussed below.

First, 3 mL of a 1.5 X 1077 M solution (0.45 nmol) of CdSe/
ZnS NPs was placed in a vial inside the optical cavity of a
Fluorolog-3 (Horiba Jobin-Yvon) while continuously stirring. The
emission of the NPs was monitored at the fluorescence maxi-
mum when a 1 mL solution of 0.048 M (48 .mol) MPEG 350 CD
in deionized water was swiftly injected. This procedure was re-
peated with fresh NP solutions being exposed to 1T mL of 0.0047,
0.014, and 0.024 M (4.7, 14, and 24 pmol) EDC solutions in deion-
ized water. The emission of the NPs was monitored in kinetic
mode for ~90 min with a 1 s integration time. The fluorescence
data were corrected for the dilution of the NPs after the injection
by dividing the signal by the dilution factor. Accurate dilution
factors were calculated from the mass of the sample before and
after the injection of the carbodiimide solutions.

Biological Conjugate Characterization. To verify the activity of the
streptavidin conjugates, we examined the retention of these ma-
terials on a biotinylated cellulose column. Approximately 2 g of
cellulose and biotinylated cellulose was mixed with pH 8 phos-
phate buffered water and loaded into a small pipet plugged with
glass wool. Phosphate buffer was passed through the column
until the packing material settled. Next, blank and streptavidin-
coupled CdSe/ZnS NPs of known emission intensity were in-
jected into the column from which several milliliters of effusate
were collected. Next, the emission of the effluent was measured
and normalized for the dilution that occurs as a result of run-
ning through the column. All streptavidin-coupled samples were
run through the biotinylated column; the 100:1 streptavidin to
NP sample was also analyzed through a pure cellulose column to
measure nonspecific adsorption losses. The NP—protein conju-
gates were also studied using gel permeation chromatography
in a GE Healthcare Atka Prime FPLC using pH 8 phosphate buff-
ered water through a Superose 6 10/300 GL column.
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